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THE PROBLEM

Determine simple methods for rating noise in ship-
board spaces in relation to its interference with speech
communication.

RESULTS

1. Representative samples of ship, office, and shop
noises were recorded, measured, and analyzed.

2. Naval ship spaces tend to be noisier than civilian
spaces where equivalent communicating jobs are performed.

3. Sixteen noises were selected out and adjusted in
intensity to be equally speech~interfering. Simple phys-
ical measurement and calculations on these 16 eqguaily
speech~-interfering noises showed that Speech Interference
(SI) could be measured:

a. best by a ‘—aging the Sound Pressure Levels
* (SPL) in mid-frequenc_ octaves (300 to 600, 600 to 1200,
1200 to 2409 cycles per second (c/s)), called the Speech
Interference Level (SIL) method;

b. next best by using weighting neiworks A or Din
3 in Sound Level Meters, or by finding the SIL (averaging
the SPL's) in the octaves from 3C0 or 600 to 4800 c/s.

c. least well by fitting spectral noise peaks to
Noise Criterion rating curve contours of which the Noise
Criterion Aiternate (NCA) was better than the conventional
Noise Criterion (NC) or Internationai Standards Organiza-
tion (ISO) contours.

4. More complex physical measurement or calculation
on the 16 equally speech-interfering noises showed that
Speech Interference could be measured well by Articula-
tion Index (AI) methods. Simpler 5- and 6-octave methods
employing a generalized spe=ch spectrum were almost as
good as the more elaborate 20-band method using the actual
speech spectrum utilized in this experiment.

5. Speech Interference could be predicted well by using
families of NC, NCA, or ISO curves if:
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a. only that part of any of the curves that centered
at 500, 1000, and 2000 c/s were used;

b. the curves "'averaged through' spectral peaks
and valleys of the noise spectra.

6. For speech in quiet, half the intelligibitity lies in
frequencies above and below some value at or betwzen 1600
and 1900 ¢/s. As the ratio of speech to noise inter sity
deteriorates, the frequency that divides the speecl spectrum
into two equal halves (as regards contribution to sieech
intelligibility) drops from 1600 or 1900 c/s to aboivt 800 or
1000 c/s.

7. A new Speech Interference (SI} ncise ratiuz contour
was developed thai could be used in any of the conventional
ways of measuring Speech Interference, namely:

a. to estimate the SIL;
b. as a weighting network for a Sound Level Meter;
c. as a noise-rating contour.

8. The new SI contours rated the Speech Interference
effects of the 156 noises as good or better than any previous
metncd, and in addition resolved many of the extreme dif-
fererces among the three speech interference rating methods.

8. The new Speech Interference Contours are not dras-
tically different from theoretical extensions of the Al cal-
culation method.

10. Thermal noises (TN) witi ;pectra shapes of -12,
-6, and +6 dB per octave (TN-12, TN-6, TN Flat, and
TN+6) are representative of the steady-state noises in the
criginal 19 nvises.

11. The 16 equally speech-interfering noises were
neither equally loud nor equally annoying.

12. Maximum noise level for face-tc-face communica-
tion is a 500/!000/2000-c/s SIL of 35 dR.

13. Maximum 500/1006G/2000 SIL. for speech communi-
cation when using good "'noise-proofed, " sound-powered-
phones is:
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a. 84 dB i the talker is in the quiet and the listen-
er is in noise;

b. 94 dB if both the talker and listener are in ncise;

c. 114 dB if the talker is in noise, the listener in
quiet.

14. Amplified speech communication with earphones is
possiblie in a 500/1000/2000-c/s SIL of 120 dB if use is made
of noise-cancelling dynamic or condenser microphones,
noise shielcding at mouth and ear, a speech bandwidth of
three octaves or greater centered between 1000 and 180G c/s,
a low sidetone level, AVC, and peak clipping.

15. Amplified speech communication with l1oudspeakers
is possible in 500/1000/2000-c/s SIL noise levels of 80 dB.
If earplugs or passive earmuffs are worn, this level can be
extended to 95 dB.

RECOMMENDATIONS

1. In using SIL methods to rate ncises, average the
sound pressure levels in the octaves centered at 500, 1000,
and 2000 c/s. This procedurz is a compromise between
the presently used 600 to 4800-c/s range and the range
found to be best in this study, the 300 to 240C-c/s range.

2. Use the newly developed SI contours as:
a. a new weighting method for Sound Level Meters;

b. extensions of the existing noise-rating contours.
3. Use of the SI contcurs should be evaiuated in work-
ing ships‘ spaces.

4. Louduess and annoyance aspects of noises should be
considered in future extersions of this work.

5. Spaces where conversatinns cannot be carried on in
comiort at 3 feet are too noisy for tasks requiring face~to-
face communications. In general this is when the average
noise level 'n the octaves, centering at 500, 1000, and
2000 c/s (the 500/1000/2000-c/s SI..), exceeds 70 dB.

6. If the 560/1000/2000-c/s SIL exceeds 90 dB, the
wearing of }:iearing protection should be mandatory.
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PREFACE

This report consists of seven reprints of papers in
professional journals pius collateral and supplementary
material. Because of tims there will be some duplication,
and the historical and/or logical order will not always be
followed strictiy.

The problem in terms of a real naval environmental
control problem is stated in Section I (Introduction). The
evidence that the problem really exists is presented in Sec-
tion II (a summary of noise surveys aboard a number of
ships). Sections IlI, IV, and V are reprints of papers deal-
ing with two experiments on the physical and speech-inter-
fering p. operties of diverse spectrum noises.

Section VI gives some details on psychophysical
measursment metihods for noises.?* Section VI, which
has been submitted for publication, and Sections VIII and
IX (reprints), propose new ways oi measuring the speech-
interfering properties of noise.

Section X shows the important frequency regions in
noise-masked speech in terms of where in the speech im-
pairment-handicap-disability scale the criterion is chosen.

Section XI summarizes speech capabilities in noise
and is based primarily on evaluations of the speech intel-
ligibility of numerous communication systems and compo-
nents.

* See list of references at end of report.
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INTRODUCTICN

The Bureau of Ships has specifications®® limiting
the levels of noise in various ship spaces and for emission
of noise by equipment. These specifications are based on

. considerations of the effects of noise on communications
and on the potential deafening effects.

This report reexamines the question of speech inter-

. ference effects of noise with a view toward simplifying the
noise level measurement procedures. To¢ accomplish these
tasks: (1) noise levels in a number of shipboard spaces
were measured aboard cperating ships (and reviewed from
other shipboard measurements) (Section II); (2) represent-
ative aircraft, ship, machinery, and office noises were
collected (Section III); (3) 12 of these noises plus four lab-
oratory-generated noises were then spectrum-analyzed
(Section III); (4) intelligibility tests were conducted to find
the levels at whicl: these 16 noises interfered equally with
speech (Section III); (5) *he 16 noises were subjected to a
number of simple analyi.cal physical tests and measure-
ments to find a physical measurement which agreed that the
noises were equally speech-interfering (Section III); (6) the
variability among estimations of the average noise level
obtained from observers reading moving coil meters was
determined {Section IV); {(7) complex calculation schemes
based on physical measures were applied to the 16 noises
(Section IV); (8) psychophysical measurement schemes were
applied (Section VI); and {9; a new set of speech Interference
Criteria was developed (Sections VII, VIII, and IX).

On the basis of this reexamination, two summary
papers were compiled that concern the important frequencies
in noise-masked speech (Section X) and noise limitati ‘ns on
speech {Section XI).

Related studies were conducted to determine the
relationships between (1) noise levels and speech levels, 4
and (2) the angle between talkers and listeners in face-to-
face communications.®'® These are presented in Appendixes
A, B, and C.

wr
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MEASUREMENT OF SHIP NOISES

e

To obtain experience with the kinds of ieveis of ]
noise aboard ships, noise levels were measured on three
Navy vessels, the aircraft carriers USS ORISKANY (CVA 34)
and USS TICONDEROGA (CVA 14), and the missile cruiser
USS CANBERRA (CAG 2). Measurements were made
during sea trips taken in conjunction with two other prokblems
dealing with communications in the Combat Information
Center (CIC) and on the flight deck of aircraft carriers. To
some degree, therefore, the sampling tended to be concen-
trated in areas occupied by CIC and Air Department person-
nel.

Figures II-1 and II-2 summarize, in histogram form,
157 noise levels measured aboard the three ships. Except
for a few large compartments, each measurement represenis
a single compartment. The uppermost histogram of figure
1I-1 shows the distribution ¢f sverail or C scale leveis.

All measurements were made with calibrated General Radio
Company Type 1551-A or 1551~B Sound Level Meters. The
arrow at 86 dB indicates the median level, The next histo-
gram depicts sound levels obtained with the A weighting 7 of
the sound-level meter for the same set of 157 measurerments.
¥or this distribution the median is 76 dB.

The two lower histograms, fipure II-2, present over-
all (C scale) and A-weighting levels measured in spaces in
which satisfactory speech communication was judged by ihe
measurement team to be important. The 64 measurements
selected from the 157 measurements correspond roughly to
the A category of Ships Specification SI-10.? The median C
and A levels for these spaces are 82 and 79 dB, respectiveiy.

Figure II-3 presents histograms of noise levels
measured by Jensen and Soroka aboard the aircraft carrier
USS CORAL SEA (CVA 43).® The upper histogram is based
on overall levels calculated from listed octave band ievels
and the lower histogram is based on Speech Interference
Levels® of the same measurements., Median levels are 93
and 73 for the two distributions of 60 measurements each.

Additional data on noise levels aboard U. S. Navy
ships are available in reports firom the Materiz2i Laboratory,
New York Naval Shipyard.10 Median overall leveis were
about 84 dB for 44 measurements on USS BORIE (DD 704),
about 90 dB for 20 m=sasurements on USS TIMMERMAN
(EAG 152), and about 80 dB for USS TICONDERQGA for
19 measurements taken with no aircraft in operation.

Speech Interference Levels (the 300 to 4800-c/s,
four-band average) gave median values of 80 ¢B for 29
measurements on USS TIMMERMAN and of 66 dB for 20
measurements on USS TICONDEROCGA.

k 2 o i %mm—,, i W e mee—— ———— e S —
ﬁ}?/\% = 1,,




ALL COMPARTMENTS

]

ot
<

) R - Y .
60 10 80 9 100 10 120 130
SOUND PRESSURE LEVEL IN DB

(=]

A
&

3

NUMBER OF MEASUREMENTS

oo
o
-

ol ']

50 60 70 80 90 100 e 120 130
THE A-WEIGHTING LEVEL IN DB

Figure II-1. Distribution of noise
levels in reprecsentative compartments
on two aircraft carriers and one heavy
cruiser. The upper histogram is mea-
sured with the C-, the lower with the
A-weighting, of a scund level meter.
Arrows point to mediar values.
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Figure II-2. Distribution of neoise
levels ir only those compartwuents where
speech comnunicaticns were judged to be
necessary on lwo aircraft carriers ang
sne heavy cruiser. The upper histogranm
is measured with the C—-, the lower with
the A-weighting, of a sound level meter.
Arrows point to median values.
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Figure II-3. Distribution of noise
levels abccrd USS CORAL SEA (CVA 43).
The upper histogram represents

C levels, the lower is the average
level in the four octaves from 300 t>
4800 ¢/s, the four—ocitave Speech
Interference Level (SIL).

Arrows point to mediarn values.

A later survey of shipbeoard ncises by the Southwest
Research Institute™ concludes "... that airborne sound
levels generated by machinery items are above specifica-
tions in several shipboard spaces."

Figures II-4 through II-11 summarize the SRI
noise measurements and the BUSHIPS specifications ap-
plicable at the time. The measurements reported were
made aboard the aircraft carriers USS ENTERPRISE (CVA
65), USS FORRESTAL (CVA 59}, USS KITTY HAWK (CVA
63), USS RANGER (CVA 61), ard USS HANCOCK {CVA 19)
from 13859 to 1962; cn various conventional and nuaclear
submarines in 1958 and 1963; and destroyers in 1956 and
1363. The authors measured noise levels only aboard
DD's 849 and 858 and CVS 18 in Alarch 1964. In geaeral
the noises in Category D and I spaces were measured at
fuil power runs and other spaces during "endurance” rur-
ning conditions.

The noise levels aboard merchant ships of the
Netherlands™ and Norwsy™* varied from €5 dB{A) or 95
dB{(C) in cabins to 105 dB{A) or 113 dB(C) in Engine Rooms.

Noise levelz on the navigation (piloi) bridge of 24
German shipsls varied between 70 and 102 dB at 31 ¢/s and
beiwean 40 and 55 dB =2t 20006 «/s, with spectra falling about
10 dB per octave from: 31 to 250 cfs =nd about 5 dB per
octave above 250 c/s. On the average, C levels were 90 dB
at "fuil speed ahead" {volle Fahrt) and 8¢ dB a: ''stop."”
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In summary:

1. Overall levels on three aircraft carriers, a missile
cruiser, and two destroyers ranged from 70 dB to over 120
dB; median sound pressure levels for five different groups
of measurements were 86, 93, 84, 90, and 80 dB.

2. The A-weighting levels taken aboard ¢wo carriers
and a cruiser measured from 54 toc 116 dB with a median

value of 76 dB. Merclant ship values ranged from 65 to
105 dB.

3. Speech Interference Levels for two carriers and
one destroyer measured from 55 dB to 160 dB with median
values of 66, 80, and 73 dB. Ship specifications Section
SI-10° give maximum permissible SIL's of 50, 55, and 60
dB for various sized category A —ompartments (in which
speech communication is iinportant) and 72 dB for category
E compariments (in which deafness avoidance is a consider-
ation, but a certain amount of speech communication is
necessary). Obviously, with median measured SIL's of
66, 80, and 73 dB and estimated* median SIlL.'s of about 66
dB and 62 dB for the data of figure lI-1, the noise leval in
Navy ships is high enough to produce speech interference
problems. It is not surprising that severai noise surveys
conclude with statements to the effect that S[-10 maximums
were exceeded, %1%+ 1

t should be noted that although noise is a probiem
in the Navy, not ail ships or compartments can be classi-
fied as noisy. Brief informal observations aboard the air-
craft carrier GSS RANGER (CVA 61), in June and Aagust
1962, indicated a number of locations that were relativeiy
free of noise {about 50 ¢B on the C scaie of 2 sound-survey
meter). The RANGER is a relatively r 2w ship {commis-
sioned in 1937}, and from the observed widespread use of
sound-~absorbing and sound-isolating material, it arpears
that noise may be a lessened protlem in some iate model
ships.

* For ship noise the median A level appears to e zboui 10
dB below the median C level and the median {four-band SiL
about 10 dB belsw the A level (fig. 1i-i ard [i-2). This
generalization should not be zpplied G individuzal measure-
ments, but probably holds trae icr the gereral ciass of
ship noise because of the ali-pervading inffvence of low
frequency roise from biowers and propuision machinery.
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The sound level of eack of 16 diverse noises was adjusted so that londspeaker-reprodoced rhyme words
at a level of 78 dB(C) 2t one meter wize reduced to SO, word inteilgitility. Spectrum amlvses (octave
band and 2G-cps band), physiczi measurements (C, B,:\. DIX 3 sound-level me:c:ttxgh!mgs), clcalations
i Speech Interference Levels (SIL)], and peak Sttinge {10 noise ariteria {NC)-type carves j were made to
find which method came closest to agresing that the noises were eqmally speech-interfering.

STi. caiculations that incladed the cctave 300-600 cps pradicted the speech-interference 25pects of the
16 nozses best. The A and DIN 3 weizhting networks, the conventiona! {600-4500 cos) ST acd wee cf 2
restricted region &W.&D@)d\mmmgst&mb&m&mmmmm
were the B o C.x::;xxna -weighting retwerks and vee of the NCA, NC, or ISO contours over their total

freqrency range.

INTRGDUCTION

OMPARED to most cwilisn work areas, the

ambient noise level in ship compartents is hign.
Noise in ship spaces comes from 2 variety of sources
sach 2s blowers, panps, generatars, public address
sratems, radio receivers, and men. With the ship under-
w2y, noise in iower-level compartments is augmented
by nolse from the propulsion gear and from hall vibra-
tien. NG2se control s an ever-present problem oa ships.
N<ise coniro! on fonture <ips is 2pt to present even
mtspr&méaew.bcmas&mpo:cam}
of foture wezpon systems. Smplifed nolsejaring
tmethods w3 be needed.

This report reexamines the spesch imterference as-
pects of noise, with 2 visw towards Smpliving nse
ktmmeo;cmﬁﬁa%

)m%ﬂambcméﬂgb@'dz,@m
meascred aboerd osperating Sdps, {2) represeniative
aircrat, S5p, machkmery, and of e noiwes = ool
lacted and spectium amelvzed, (3) mmdfghfity tests
were conducied (0 &nd the beveds 2t xhich 16 of these
nooses interiered egmeily =ith speech, and (§) the 16
noises were schieczed 10 a nmnber of anslviici physical
1ests 2nd measuremnents 10 End 2 physical meastrement
h‘::izgmai&htmcm%meqmﬁvmm-

fring. Closely related stodies were oonducied 0 de-
’crm.. ine the relationship betwesn noise kvel and speech

level required for successial communicatisn in a f20e-to-
face sraaticn!= to determine the variability among
estimations of the average noise level obtained from
observers reaéing moving-coll meters? and to find
psychcphysical mneasarements of the noses that cor-
reiate with speech nterference

1 COLLECTICGN OF NOISE SAMPLES

The first phase of the study to detennine the speech-
interfering properties of <iip noises was to obtamm a
represenistive oellection of recordings of such nses.
The noise fornd 2boerd an afrgafi carmier inciudes
meny of the neises found on other srface shipsand In
28&tm ndodes some pecciar 1o akor=ft. For tids
reason, most of the gip noise ;amples were coliected o
2incr=2it carriers. Recordings were made m Aving speces,
mzimm engineering spaces, and o or

‘I.Cﬂ'ém'adkaﬂm “Efeczs of Amiaent Noise
233 Nexdr Tilkes o 2 Faceto-Face Comoesiaaim Task”
J- Accost. Soc. A, 34, 955 (162

IR.G. Riz=rp and K_‘!.K}m:;u."fs:::_&eélgsﬂd
2 Tsdker o Amess the Spoch Iniminmmer of Andiemt Now™

(-.ob:;-:}.&:nﬁ). .
R G Koo a4 . L. Leconad, “(8seser Vardsty
Rmm\‘c‘s!.ads:ﬁk!!dcx’Sm&—!stssnﬂCa:ﬁd
‘2@.4.’\-’9(‘9‘.31 .
SR. G. Tzmme 2nd 1. C. Wedster, “Predictg Speech Inter-
mm?‘ma‘i?ﬁc&:i:wulllm.. of Anitent
Netee™ 7. Acont. Soc. Am 35, 1138 {4) {19630
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1329 SPEECH~INTERFERING NAVY NOISES

about the flight deck with jet and propeller aircraft
operating. For a ship’s diesel engine noise a sample
furnished by Liibcke® was used. Other recordings were
made in machine shops and off:ce spaces back in the
laboratory. To complete the sampling, three standard
laboratory noises were added: random noise, flat or
unweighted ; random noise shaped at +6 dB peroctave;
and random noise shaped at —6 dB per octave. Thesz
are later identified as TN Fiat, TN+6, and TN—6.
Equipment used to record noise samples included a
selected, omnidirectional Altec Lansing tvpe 633A mi-
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Fre. 1. Octave tzad 208 20-cCe bend ievds of nedse saopde 1
{stap’s romtde). This 35 a Hanrdr steady, veay-Jon-fiegorney romide,
alwmm\smmamuhcm
'@.wadf"ktﬂsma:&ﬂmkn A i

are somiess T tow ihe octave tend dondds Iy the
czves 13033, 300-63G, 600-1200, 1209-2300, 20380, =nd
X090 s, Lo these tenlered 6o 1he series 212, 325 eic. The
octaxe tend 2nd 20.c0ds band éats 2re ot dinacth oncpzrable
stoe theer ate 20006t 2ozdvses mede o txe Elenest plavback
STSSems

coeohone, 2 Geatzzl Radic Company vpe 135317
sound-level m2ter, 2nd 2n Ampex Corporziioa trpe &1
recorder. In recordinz noise samples, e micophont
w2¢ positioned 2t places nonmaily occupied by people
periorming their jobs

Oi 13 necordings, 16 samples wge sfected
represent both intermitient and steady-state noises, 0
m&edcbom‘:ig‘}—znaiaa'-zrm aoises. znd 0
mdudc namber of noises commoniy found aboard
opesating sag«s-\sbmdaz'mwzz,msﬁmmzblca
axz:;ﬁz:séc VS ime treoe 238 2 spectnel aralvss, is showm
for each nodse In Figs. 1 through 16

3 Eram L8ike, “Tanac-Mawdnenmom, 19038107 oiale
SrenmEmSatian).

OCTML Pa3S BeaDs m vl 9 PLt $COnD
us 4 wm B = MY e IS o VeI = IO = IO o~ §OII = 2P
' ! i I ] | ]
! i i H
< i
S wo 3 3 ~ -
X ST =
5 -
o , oo
3 :
g ‘r ! NO.2 —
S AL hS ‘ GRA3 ENG
s 1 \\:
w [}
2 a0 3 l‘. 4
2 s 3\ !
? 1 i '| i
z N L
S [ k i - \
~<_1
A e AU IR H T Il
i y P \v, l!‘
% £0 .‘;‘ T ——— -1
® ? H
S \
> = -
3
° 7 o35 597§ ses 533 | 285
ey -1 :;‘- e -z ’}“ axT .:~
40lrrrrrr Tyt - T
20 -~ S 0000

FREQUINCY M CYCLES PIA SECOND

Fic. 2. Gctave tand and 20-cyde band leveds of nelse mmpde 2
{57=b engine). Thss s 2n chectrical motor of farse size with sirong
lo=-frequency humike componenis. See Fioo 1 for other details.

1L ANALYSIS OF THE 16 NOISES

Thz magnetic tape recordings of the noise samples
were cut into loops of 10 1o 15 sec duration and re-
produced over an Ampex Corperation type 401 re-
corder. The signal from the reccerder, amplified by two
20-W aad one 30-W McIntosh Corporation amplifiers,
was ied to an Acoustic Research loudspeaker, model 3,
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36, 3. Oxiave tond 25d 33ence and leveds of noise sample 3
oxez) T2os is 2 steady. Iom-Eugoeacr Hower nase. See Fiz. 1
feo othor Gegndls
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FREQUENCY IN CYCLES PER SECOND
F15. 4. Octave band and 20-cxcle band levels of nofse sample 4
(thermal noisc sloped 23 minus 6 dB per octave). This is very
steady, Iew-frequency ncise. See Fig. 1 for other details,

and an Altec Lansing 604 loudspeaker system on one
side and to an Altec Lansing 8§20 loudspeaker 18 feet
away on ihe other side of : studio. The dimensions of
the studio were 27 {1 X 16 {1 X 10 {t, and its reverberation
time was about 0.3 sec 2t irequencies up to 1 ke, 'sec,
rising to about 0.5 sec at 4 k¢ ‘sec. Fer anaivsis, the

acoustic signal was picked up by a condenser micro-
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Fic 3. Octave band and 20-cydde band fevels of notse sample 3
Blowur 2and hall), 2 faithy stcady. low fregmency ramble and
wchine noise. Sce Fig. 1 for cther details,
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FRIQUENCY 18 CYCLES FER SECOND

F16. 6. Octave tand and 20-ycle band 1 sels of poise sample 6
{power shear), an extremely intermittent noisc of a byédraulic
power shear cutting metal, including clang of sheet metal dropping
to floor. See  ‘z. 1 for other details.

phone lecated midway between the twe loudspeaker
systems.

After the speech-interference tests were completed,
octave band and other physical measurenients of the
acoustic reproduction of each oi the 16 recorded samples
were made. A Bruel and Kjaer type 2093 RMS meter
and a pair of Allison filters with a combir.ed rejection of
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FREQUENCY M TYCLES PER SECOND

Fi6. 7. Octave bond and 20-cycie band Jeveds of notse sangde 7
{geor mater), which bas whine ang low.-frequenty © 25,
=ith small remmla changes in devd. Sce Fig. 1 or other detaiis
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FREQUENCY IN CYCLES PER SEGOND

F1c. 8. Octave band and 26-cycle band levels of noise sample 8
Sa colmpressw with rhythmic sound pattern). See Fig. 1 for other
etails.

60 dB/octave were used to make these measurements.
The octave band measurements are presented in Figs. 1
through 16, together with the log amplitude vs time
traces. A 20-cps-band analysis, made before the final
loudspeaker configuration was determined, is also given
in these same figures for reference, although these data
are not directly comparable to the octave band data.
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FREQUENCY IN CYCLES PER SECOND

F1G. 9. Octave band and 20-cycle vand leves of noise cample 9
(voice babble from Ref. 1}. This consisted of . pairs of communi-
cators exchanging monosyllabic words, restiting in irregular lovel
(20 dB) and frequency changes. Sec Fig. 1 for other deails.

FREQUENCY IN CYCLES PER SECOND

F16. 10. Octave band and 20-cycle band levels of noise sample
10, a relatively flat, relatively constant level thermal noise with a
wide-band hiss, relatively constant in level. See Fig. 1 for other
details,

The over-all levels (C weighting) on Figs. { through 16
represent equally speech-interfering levels; the deter-
mination of aud the interpretation of these over-all
levels are discussed later.

Tke noise samples were numbered on the basis of
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F15. 11. Octave band and 26-cycle band level of noise sample 11
{arresting gear). This noisc, whick was record~? in an wiresting-
gea: room of a carrier, has rumble, shriek, pang, and roar com-
ponents, and fluctuates over a 20-dB range in an irregular fashion.
See Fig. 1 for other detzils.
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FREQUENCY IN CYCLES PER SECOND

F16. 12, Octave band and 20-cycle band levels of noise sample 12
(engine room). This cemplex :inachinerv noise, furnished by
Liibcke, is relatively steady in level. See Fig. 1 for other details.

frequency ccntent. the low-numbered noises beirg rich
in low-frequency sound and the higher-numbered noizes
rich in high-frequency sound. The noises numbered from
about 6 through 12 have most of their enercy in the
mid frequency region. The amplitude vs time traces
show that some of the samples are relatively constant
in level while others vary as much as 20 dB in level
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FREQUENCY IN CYCLES PER SECOND

F15. 13. Octave band and 20-cycle band levels of noise sample 13

(air grinder). This shund, similar to a “dental drill” sound, was

roduced by an air-diiven grindes in contact with 2 metal sheet.
e Fig. 1 for other details.

AND

j. C. WEBSTER
every 15 sec. This ranking system was not used as the

order in which the speech-interference tests were run.

IIi. EQUALLY SPEECH-INTERFERING
LEVELS OF NOISE

The aim of this portion of the study was to determine
the speech-interfering effects of each of 16 noise samples
by means of the procedurc known as the speech-intel-
ligibility test. In such a test, lisieners are presented a
nixture of speech and noise, asked to write down the
gpeech they hear, and scored cn the correctness of their
responses. In this study, listeners heard constant level
speec’s from a loudspeaker in the presence of each of 16
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Fic. 14. Octave band arnd 20-cycle bnd levels of noise sample 14
(tynewriter). This noise is strorg in high-frequency componeats
anv?,c *hough the level fuctuates rapidly frem moment to moment,
the over-all level is faitly constant. Sec Tig 1 for other details.

diferent ambient noises. The levei cf ach of the noises
was adjusted to give equal speech inteiference, i.e., 30%
of the words heard correctly. The levels of the 15 noises
were then compared to find inc reasurement procedure
or system according to which the measurac levels were
most nearly equal.

Procedure

Test words were recoerded using a Radic Corporation
of America {ype BX6B lavalier microphone in order to
minimize changes in recorded voice level resulting from
movernents of the 2alker with respect to the microphone.
The singic male talker used had been found, in previous
noise-masked tests, to be average or slightly above
averagz in intelligibility when compared with other
laboratory personnel. Tn simulate the performance of a
talksr in noise, the talker spoke at a level approxi-
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matcly 8 dB above noimal during recording. This in-
creased vocal output was achieved by having the taltker
firet deliver words with normal vocal sfiort without
watching a VU meter in the recording system. The
average VU meter deflection output was noted and &
dB of attenuation was added to the meter circuit. The
talker was then instructed to record using the VU meter
and to adjust his vocal output to the level which pro-
duced the same meter detlection obtained in the normal
voice condition. Actual levels were set on the carrier
word “‘write,” which was given before each test word.

Rhyme® words were recorded at a raie of one word
every two seconds. This two-second rate is faster tiran
that used by Fairbanks but has been: found to be satis-
factory in previous tests.” The rhyine test is essentially
a test of consonant discrimination with the listener
required to fill in the first letter of an incomplete
monosyllabic word.

INTERFERING NAVY NOISES
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F16. 15. Octave band and 20 scle band levels of noise sample 15

(thermal noise sloped 1t plus § dB per octave). This is a high-fre-

uency hiss with a rc...tncl\ constant level. See Iig. 1 for other
ctails.

One hundred lists of 50 rhyme words each were re-
corded over a 4-day jeriod. After climination of all lists
with errors or ambiguous pronunciations, five blocks of
10 lists each were assembled, with each hlock having
equzl representation from each of the four Gays of
recording,.

For the inteliigibiiity tests the iists were played buck

¢ G. Fairbanks, “Test of Phonemic Liferentiatiom; The Rhymt
Test,” J. Acoust. Sce. Am. 30, 596 (1938).

’J C. Websier aud R. G. Klumpp, “USXEL Flight Deck
Commusications System. Part 2. Noise ard Acoustic Aspests,”
Tj. S. Nawvv Electronics Laboratery Report 923, AD-250 286
(1960), ioninote, 1. 19.
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F16. 16. Octave band and 20-cycle band levels of noise sample 16
(et idle). This recording of a jet engine on tue flight deck of a
qarlrierlnas stronyg whine components and has several avtupt drops
in level.

cver a University MLC loudspeaker mounted on an
adjustable stand, The frequency response of this loud-
speaker, measured 3 ft from the face of the speaker
(head position of the listener), is shown in Fig. 17.
Playback leve! of ihe speech: at the listener’s position
as measured on a sound-level meter set to “C” scale,
“fast,” was approximately 78 dB.

Ambient noise signals were prsvided by the playback
system descrited earlier in Scc. I, and the p‘n sical
measurenients of the noises (Figs, 1-16) were made with
the microphone at a position corresponding to the
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center of the listener’s head. The noise measurements,
therefore, represent some sort of an “average” neise at
the listenei’s head position.

The listener was seated at right angles to and midway
between the twe speaker arrays located 13 ft apart.
Although the noise sources were lccated to exch side
of the listaner, noise was localized as coming from above
{equal, in-phase signals at each ear). The loudspeaker
emitting the word lists was located in front of the
listener, at ear-level height, and with the face of the
speaker approximately 36 in. from the ears of the
listener. The listener’s chair was fixed in position and,
because of the proximity of the small table on which he
wrote his answers, he could not meve more than an
ineh or two in any direction.

The intelligibility tests in this experiment differ from
the veuil 22rphione or single fcudspeaker tests in that
the svjeech and noise sources were spatially separatsd.
Ths neans that the listener could “selectively zitend”
tc ¢ :speech. Precicely how this might affect the resuits
15 “:1 cur tzin. The listener could move his head over a
cestricted area and hence could position kis head with
respect to the speech source in fron of him and the
noise sources at both sides. In this manner he could
n:aximize speech-to-noise ratio. In particular, this pro-
cedure might be effective against high-frequency-noise,
standing-wave patterns, such as existed in the jet idle
noise (#16), which contained several strong, high-
frequency tonal components.

All listeners were college students with normal
hearing (no luss greater than 10 dB in exther ear from
125 to 6000 cps as measured on a Békésy-type audiome-
ter). Five males and three females in the 17-21-year age
bracket served.

The testing sequence for each listener was as foliows:
(1) audiometric test, {2) practice in quiet (10 word
lists), (3) practice in ncise (10 lists in each of 4 levels
of unweighted random noise), (4) main tests in which
10 lists were presentzd in each of the 16 noises, and
(3) a reiest with the same block of 10 lists under the
same conditiens as in the latter portion of the “practice
in noise” sequence to assess the effects of learring.

Listeners were tested individuallr. During the main
tests, a sizigle session for a given listener consisted of the
presentaticn of 20 lists in 5 noise, 2 15-minute rest, and
then the presentatior of 10 more lists in a second noise.
Each listener served in two sessions per day, ore in the
morring and one in the afterncon, unti the required 12
test cessions weare completed.

Blocks of 10 lLsts were counterbalanced among
listeners and noises, and the sequence of roise samples
waes counterbalanced amorg listeners and afterncen
and morning sessicns.

Resulis

Table X lists percentage of words correct obtained
from each of the 16 noises. Each percentage is based ¢n

: «D'"‘T‘;;"" - Chii - I ST T v .
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i .

WEBSTER 1334

TasLe I. Percent words correct vs over-ail woise evel.

— s

Frually

intesicr-

C Scaie ing “C"

Percent  ceading Correction Level in

Noise Correct  indB in dB db
1 Ship Rumble 0.5 107.2 -1.9 1033
2 Grab Engine 325 97.1 0.5 97.6
3 Blower 50.1 2.5 0.0 9z.3
4 TN 426 883 —-1.3 £6.8
5 Blower & Hull 322 849 64 83.3
6 Shear 315 719 09 8.8
7 Gencrator X7 323 -30 7.3
& Compressor 49.3 81.2 0.2 51.0
9 Rabble 319 79.9 0.4 80.3
1¢ TX Fiat 33.1 80.1 X 807
i1 Arvesting Gear 448 86.3 -10 853
12 Engince Room 55.7 85.1 1.2 £6.3
13 Air Grinder 480 84.7 -04 §43
14 Typewriter 527 8359 0.5 €61
15 TN46 52.8 87.7 0.6 883
16 Jet Idic 5:4 93.3 0.3 ¥3.8
Average 492

4000 words (8 listenersX 10 lists)X30 words per list).
Column ¢ lists the sound-pressurz level of each noise
(C scale of sound-levei meter) as it was set during the
intelligibility tests. Based on the assumption that a
change of 1 dB in speech-to-noise ratioc weuld produce 2
change of 5% in the percentage of words heard correctly,
column 3 lists the amount in dB to be added +6 column 4
to produce a score of 505%.% The sum of columns 4 and
3, column 6, yields equally speech-interiering levels of
these noises expressed in terms of the C weighting net-
work of the sound-level meter.

An average score of 99.89 was obtained for the 500
words presented to each listener in the quiet (6 listeners
heard every word correctly, one person missed i word
in 300, and one missed 8 words in 500).

Pre- and post-test scores for the group of 8 listeners
were 63.7% and 66.8%, respectively. The difference
1.1, was not statistically sigrificant. A difference equal
to or greater tnan 4.7%; would be required to be signifi-
cant at the 3% level of confidence.

An analysis of variance was performed on the data
and it was found that differences among subjects,
between scores obtained in the morning and scores ob-
tained in the aftzrnoon, between scores obtained for a
noise whenr it was presented first in a session and scores

$ (a} C.V.Hudgirs, J. E. Hawkins, J. E. Karlin, and S.S. Stevens,
“The vevelopment of Recorded Audiiory Tests for 3Measuring
Hearing 1.oss for Speech,” Lanyngoscops 57, 37 (1947). They show
a 4% per €B change in menosvliabic scores in the vicinity of 50%.
Fairbanks {Ref. 6} states the slepe 1o be 3%, per dB over an ex-
tended (339 to R1%) range, but his data when restricted cioser
to the neighbothood of 50% show more hike a 39 per dB slope;
(6) W. E. Moutague, “A Comparison of Five Inteihgibitity ‘Fests
for Voice Communicaticn System,” NEL Report 977, PB157 229,
AD234-545 (1950). He used the rhyme words at the rate used in
this st:udy, and gets a slope of about 7% per dB. Had either 7%
or 4%, been used instead of 5%, the difference in correction would
have been less than 1 dB for the notse deviating most fro.n 30%:
nameiy, noise # 7, generator.
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obtained for a noise when it was presented sccoind in a
session, and among the variability of intelligibility
scores obtained with each cf the 16 noises were not
statistically significant.

IV. PEYSICAL PROPERTIES OF EQUALLY
SPEECH-INTERFERING NOISES

It is appurent irom column 6 of Table I that the “C”
level of a sound-level meter does not predict the speech-
interfering properties of noise. These neises were ad-
justed in level to give equal scores on a speeck-intel-
ligibility test, but the levels as measured vary from 78.8
to 105.3 dB(C) with a standard deviation of 6.9 dB.

It is neither new nor surprising to find that the dB(C)
level of a noise does not predict its speech-interference
properties. Many schemes have been worked out that
take into account the two prime determiners of speech
intelligibility in noise: nzmely, the spectrum of the noise
and the speech, and the differerce in level between the
speech and the noise. The most sophisticated of these
schemes, the articulation index (AI), is not discussed
in this paper, but is discussed in the following paper.?
Here, measuarements and calrulations are confined to
simpie measures on the noiser themselves: tiie noises
that have been equated in level to be equally speech-
interfering.

Three methods of measurement are dis.ussed: the
reading of a sound-ievel meter with weighting net-
works, the fitting of plotted ncise spectra to families of
noise criteria (NC) curves, and the calculation of
speech interference level {SIL). Good summary state-
ments of SIL with the limitations and assumptions de-
tailed are given by Rosenblith and Stevens® and
Beranek.”* The generai idea is that if the level of noise
in each of three,”* four,® or five" octave bands is known
speech levels needed for adequate communication at
speciiied distances can be predicted. Noises with dif-
ferent spectra and levels that yield the same SIL would
be equally speech-interfering. That is, the level of
speech needed to be understood in a given SiL would be
the same regardless of the combination of spectrz and
levels that produced the SIL.

For an office space to be acceptable it must be quiet
enough to allow easy face-tc-face cr telephone vvice
communications. A set of noise criterta {NC) curves

*J. C. Webster and R. 5. Kiumpp, “Artizulation Index and
Average Curve-Fitting Methods of Prodicting Specch Inier-
ference,” J. Acoust. Soc. Am. 33. 1338 (1963;.

© V. A. Rosenblith and X. N, Sicvens, fandbosk of Acsustic
Noise Contrdl. Vol. 2: lisize and Ien, Wright Air Developarent
Center Tech. Rept. 52-254 £i953).

u 1, L. Peranek, Acoustics {MctGraw-iiiill Book Company, Inc.,
Now Yark, 1934), pp. 419420,

3 L. L. Beranek, “\irplane Quicting I1- - Snerifcasion of Accept-
able Noise Levels,” Trans. Am. Soc. Meck. Eng. 9, 67 (18§7).

M. Strasherg, “Criteria for Sctting Atrborne Noise Level
Limits in Shipboard Spaces,” Burezu of Ships Remort Ne.
371-N-12 (1962).

¥J. M. Pickelt and K. D. Kryter, “Prediciiun of Speech
Intcligibility in Nuse.” Air Fores Cambridge Rescarck Center,
Tech. Rept. 354 (1953).

SPEECH-INTERFERING NAVY NOISES

which would predict office accepuibility would indirectly
predict adequate voice communications. Beranek! has
developzd such « set of NC curvzs having numbers as-
signed which are the average of levels in the 600-1200-,
1209-2400-, and 2400—4850-cps octave bands. Any noise
tha* does not exceed a level in any octave band greater
than a specified NC curve level is assigned an SIL
number corresponding to that NC curve. If the spec-
trum of a noise is kncwe, its SIL can be estimated from
the NC curves. This fitting of a2 noise spectrum to a set
of noise criteria contours will be called the *tangent-
to-curve” method, and constitutes a second way of
estimating the speech-interfering property of a nose
rom knowledge of its physical properties.

Young'® has pointed cut . . . that the NC curves are
similar in shape to the inverse of the A-weighting.” The
manner of use of the NC curve makes it comparable to
frequency weighting having a shape inverse to the NC;
thercfore A levels should cnzrelate closely «ith XC, at
least for seunds having tangency to the NC curve over
a limited frequency band. Tke latter qualification is re-
auired because the scund-level meter integraies power
over the entire spectrum after weighting, whereas the
tangent-to-curve technique respords only to tie maxi-
mwm tangency level, whether it be a single point or
paraliels the entire NC curv . Considering the response
of the ear to masking and loudness, one would expect
the integrating measure to be _uperior to the non-
integrating one.

Since all the 16 noises were idjusied in level to
preduce equal speech intelligibiii y in part III of this
experiment, the effectiveness of my of the prediction
methods (SIL, NC, A sound leve , etc.) can be assessed
by its ability to yield an equal iumber or each of the
16 noises. The standard deviat’on around the mean of
the 16 measures on SIL, NC, 2, etc., is thus an inverse
measure of which scheme actsily predicts speech in-
telligibility the best.

Table I shows the various measures associated with
the 15 equated noises. Coluans 1 and 2 idenuify the
noises. Column 3, neadel “iweight,” lists an estimate
madz by three individuals, axperienced in noise meas-
urements, of the refative {r-queacy of occusrenne of each
tvpe of moisc. That is, in a genzral sampling of ship
noises, noises 1, 3, and 3 would compose about a third
of all noise samples {117/33}; noises 7, 8, 9, and 14
another third; and the remaining nine noises would be
typical of the remaining third of noise types. Columns 4,
3, 6,and 7 show the cver-ail Ievels as measured an the
C. B. A, and DIN 3 (Re. 17) weighting newworks of a
sound-leve! meter.

BL. L. Boanek, “Revised Criteria for Noise in Buildings,
Noist Conirel, 3, Na. 1, 19-27 {1957).

* R. W, Young, “Ban’t Forz:t the Simple Sound-Level Meter,”
Noise Contred. 4, No. 3, 42-45 {1938}

M DIN 5045, Anrdl 1962, ~oc A. Pelerson and ¥ V., Brus),
“Instrunxnts for Noise Measurements,” in Hondbood of Noise
Contrd. edited by C. M. Hrgris (McCGraw-Hill Bock Comjany,
Inc., New York, 1937, Chap. 16, n. 16-13, Fig. 16.12(b).
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“T'asre IT. Physica! measures or calculations in B.

SIL cakulations
3band 4 band
. Frequency weighting Tangent-20-Cutve 600-4$00 3002800 300-2290 3J0-2000 250-2000

Noder Weight C B A DIN3 = NCa 180 I1SO(R) e <ps s one <ps
1 Ship Rymble 3 1053 958 863 &3 921 50 58 77 663 703 30 s 363
2 Gradb Pzgize 1 976 943 8§63 A0S 8s k3] 87 -0 014 69.0 717 7Lt 63
3 Blosey R $23 03 85.1 8..1 83 79 83 82 6.0 7.7 754 3.7 773
4 TN z 548 5.8 9.3 2.3 r 73 i3 7 9.3 e Nl 733 73.1 751
¢ Blevxr & Rall 3 $3.3 823 88 VTR 5 2 q i3 [ %] 713 3.2 23 3.7
o Near 3 783 8.0 58 743 [ 69 71 EL ) 689 0.0 69.2 685 70.0
7 eadatir 2 93 93 8.6 379 72 72 4 3 609 707 0.1 [ X 00

3 Tomvssew 3 83.0 $0.6 i85 %1 2 3 el 74 1.3 72, 2.4 720 72

97 Eahk 3 803 513 508 03 7 76 a7 73 3.2 732 13 18 72
16 IXN Flat H 8.7 23 §1.6 51.¢ 78 7 80 b 4] 4.6 34 23 26 714
11 Aresting Gear H w%3 343 a3.8 823 78 7 9 e 732 o 781 773 779
iZ e Hoom 2 82 863 843 523 £0 7. §1 81 742 76.7 789 74 7_ 2
13 Aur Grinder . &80 as8 848 884 s3 s4 85 52 5.5 6.0 742 53 G
13 Ty eaTiter 3 B4 879 874 879 & a5 87 83 86 763 741 4.8 33
13 TN +6 i 853 902 5082 29.8 &5 $3 87 87 80.0 ii0 748 39 7239
% Ju 1 3.8 95.1 4.3 MHI 93 93 95 ©0 $1.0 93 76.1 9.9 74
Racge 365 182 'S 300 240 5@ 246 190 156 108 97 105 7.9
Mean (16) 550 5§62 S5 2.0 $0.2 ri-%4 si.1 79.1 2. 3.0 739 3.3 42
Stan. Dev. {20} 4 55 2.7 5.0 6.5 52 6.4 48 4.8 3.1 25 28 237
Stan Der. {33) 6.7 S4 4.2 43 6.5 4.7 59 43 43 26 2.1 2.4 24
Aean (33} §7.2 839 £2.7 510 9.5 773 5.2 714 3.0 733 33 74.2

Rank } i 13 10 S5 8 11 9 12 65 65 4 1 3 2
Crder {33 13 10 3 7 11 9 32 7 7 3 i 3 25
W— -d W—’ — v . > - LS ~ —

Group Rank 3 2 3 2 1

Columns 8 and 9 result from overlaying the noise
spectra ‘Figs. 1 to 16) onto families of XC and NCA
(noise crueria alternate) contours. Since there are no
NXC or NCA contours above 70, ratings are extrapolated
on the assumption that contours zbove 70 would be
drawn parallel to the 70 contours.

For celumns 10 and 11, the noise spectra were over-
1aid cnto a whole family of ISO contours?® The contour
(usually interpclated) just tangent to the spectral
peaks was noted in column 19. In column 11 are the
results when only the range between 300 and 2000 cps
was used; this is the restricted range ISO application
and is labeled the ISO{R} method.

Column 12 shows the simple arithmetic average of
the sound-pressure fevels (measured iz dB) in the
octaves 600-1200, 1200-2400, and 24004800 cps. This
is the common SIL czlculation.? Column 13 shows the
Strasberg® SIL calcuiation which is the arithmetic
average of the dB levels in the octaves 300-600,
600-1200, 1200-2400, and 21003800 cps. Column 14
is an average of the sound-pressure levels In three
octaves from 300 to 2400 cp=.

Columns 13 and 16 are zverages of sound-pressure
levels in octaves ceniered at the “prefeived Gegquen-
cies™ of 380, 1000, and 2000 cps (col. 15, 3 band}, or
230, 300, 100G, and 2000 ¢ps (col. 16, 4 band).

Below eack column is listed the range of measure-
meats (the difference between the largest and smaliest
number), the mean measure, and the standard deviation
of the measurements. Two means and standard devia-

18 International Siandards Crganizati»n Technical Commitice-
133 {Sereiariat-139)235, Drait Secretariat Proposal for Notse
Rating Numbers with resect to Consenation of H.amaz.
Speech Commusication and Annevance (Aug. 1967}

2 “American Standard for Prefermed Freguendies for Acvustical
Measuremen:.” S1.6-1060 {Amencan Srandards Association, Ness

Yeork).

tions are shown, one based on the 16 measures as listed
and a second based on the weighis (which total 33)
given in column 3. That is. the mean (33) and standard
deviation (33) are based on 3 noises like £1, one iike
£2, 3 like =3, etc. The ideal calculatior scheme or
measurement system wouid show a zero for both range
and standard deviation. The most consistent system is
the one with the smallest stancdard deviation.

The measurement or calculaticn schemes car be ar-
ranged in rank order of excellence by assigning the
rank i to the smallest standard-deviation measure and
13 to the highest. This is done on Table I at the bottom,
but the ranks must be interpreted with caution. Each
standard-deviation measure has its ewn error of meas-
urement [ the standard errer of a standard deviation is
(2X)! times the standard deviation] If this is taken
into acccunt, the measurement schemes can be rank-
orderad into more meaningful groups as follows: (1) all
SIL’s except 6003850 cps; (2) SIL {600—800 cps),
ISO(R), A, DIN 3; (32) B, NC4, and (3b) iSO, NC,
and C.

From this geoeping it is apparent ithat all SIL
metheds, except the conventional 600—4800-cps one,
predict the speech-interfering properties of noise best.
The A- or DIN 3-weighted sound-level measurements,
the conventicnal (60013800 cps) SIL, and the ISO(R)
curve are next best, and the remaining tangent-to-curve
metheds ang the B- and C-weighted sound levels are the
WwOrst.

These results car be better visualized in Fig. 18,
which is a plot of the data in Table II. In Fig. 18 it will
be noted that the frequency weighting networks give
higher readings than the SIL measurements. This is
because (1) the whole spectrum is measured and (2) the
levels combine as the squarss of the sound pressutes.
In the SIL measurements, sound-pressure levess zbove
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Fic. 18. Fiot of data in Table IL T S1L METHOD
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and below a certain cutoff peint are ignored and the
octave band jevels are arithmeticzily averaged: they
are not summed.

Inspection of Fig. 1& shows that the noises group
themselves into roughly four clusters. The first five
noises are characterized by high C readings followed in
crder by B, A, and DIN 3. These are noises with con-
siderable low-frequency energy. This is verified by
noting that the SIL over the 300-2400-cps octaves
exceeds the 300-1800-cps SIL, and both exceed the
¢00—3800-cps SIL.

The next group of five noises is characterized by
neardy equivalent readings among the C, B, A, and
DIN 3 network,and among the three SIL-typeaverages.

The arresting-gear and engine-room noises are mal-
contents. The relative levels among C, B, A, and
DIN 3, 2nd among the SIL’s are like the low-frequency
roises. Bui the magnitedes of these same measures lie
midway between the flat spectrum noises and the re-
mzining four high-frequency noises. One of these noises,
the arresting gear, is very intermiitent and is hard to
specify and to measure. The other, Liibcke’s engine
room roise, is peaked in the mid-frequencies and is
neither a high- ner low-frequency noise, nor a fiat ene.

The last four noises are chzracterized by approxi-
mately equal readings on networks A, B, and DIN 3,

SIL being less than the 300-1800-cps SIL, and both less
than the 606-1800-<ps SIL. These are predominantly
high-irequency noises.

Three basic methods of spediving the physical char-
acteristics of these 16 cqually speech-interfering noises

ve been shown in Table IT and Fig. 20. These are
(1) the irequency-weighting retwork methed (3, B, 2
and DIN 3) as used on sound-level meters; (2) the SIL
alculstion methods [arithmetic average of svund-
pressure leveis {measured in dB} in coniiguous eciave
bandsj; and (3) the tangent-to-standard-curve method
{adjust peaks of plotted specirz to sets of cucves). Gi
these three methods, the SIL measurements show the
lowest values of dispersion. The A- and DIN-3-weight-
ing networks are the best of the meter netwerk methods.
The best tangent-to-curve methods are those utilizinz
a reswricied range or a steeply nising low-frequency
coniour.

These three methods work in different waysand it is
periinent to point out how they difier. The simplest in
concept, but the worst in predictive ability, is the
tangent-io-curve method. In this metbod oniy the roise
pcak that first becomes tangent to the generalized
curve(s) determines the measure. Any pure tone com-
ponent, or any restricied band component, that differs
drastically from its surround specifies this rating.

and all of them greater than C, and by the 300-2400-cps The {requency-weighiing networks add composnents

R,
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op a power basis; ie, two equal components add 3 dB
to the to12, and a single ccmponent 10 dB greater than
its neighbors esseniially determines the level. Boih of
these methods {tangent-to-curve and irequency-
weighting network) are very suscepiible to tomal or
parron-band high-erersy componenis. And it czn be
inferred from Licklider anu Guitran™ that tozal com-
ponenis do not mask speech very effectively.

Unlike the tangent and network metheds—suhich are
determined by one (12ngent) or more inctwork) energy
peaks and give readings equal to (tangent), or z.nver
than (netwerk), ine highest pemak—the SIL niethod
lowers (e imporiance of a pezk by averazing in lower
leveis.

The fact that speech-inielligibility prediction is
better when the 30G-600-cps ocizve 1s included inthe
SIL caiculation is not a new finding. Beranek® staies
en page 419, “. _ . ii the level in the 300 10 600 (ps
band is not more than 16 dB abgve that in the 600 to
1290 cpss band, use the 600 to 1200 cps bend as the first
tard and then define the speeck-intajoance lixd es the
arithmetic averuge of ike sostad pressure lexdds in tke Uiree
oands 600 1o 1200, 1200 fo 240D, and 2300 fo 1800 cps.
However, if the levels in the 300 to 600 cps band are
mare than 10 dB above those in the 600 to 1200 cps
band, the average of the levels In the four bands
between 300 and 4800 cps should be used instead”™
Ship noises tend io predominate in low-frequency sound
so it is not surprising that Strasberg® siandardized oz
a2 300-4800<ps SIL band when treating ship noises.
The present data tend to suppont the view that the top
octave 24001800 cps can te eliminated irom the SIL
cxiculations witheut undue loss in predictive abitity. In
fact, for these ship seunds the 2105-1800-cps octave
just adds additional dispersion in the measurerents.

SUMMARY AND CONCLUGSICNS

Recordings of ship noises, oifice noiscs, ané labo-
ratory {shaped ithermal) noises were assembled to maks
up 2 sample of 16 diverse noises. These neises were ad-

=J. C. B LickEder 2nd N. Griirmn, ~Maskin:- of S;-md: by
LinéSpecirum Intaicence.” J. Aconss. Soc. Am. 29, 257-296
(1957). Paaan I35 11 (- 293) show that for 367 word articada-
Tion scedes four snnsedds wonld need be 13 dB more Intense then
random noise. It sonld folls 1nem iimt o0e of Iwo sinnsords
10 dB above 2 randem nodse background wemid rez further de-
cre=se word 2rticulation scmes

KLUMPP AXND J. C.
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justed in over-all levels so that histerers hearing mono-
svilabic words at a constani level via = loudspealer
achieved 307 nord-intelligibility scores. Ipsolar as it
is possible 10 generalize from mzasurements basad on
16 noise samples, phivsical mneasurements and caicub-
tions on equaliv speech-interiering noises show that the
speed’s-interfering properties of nolses is best estmmated
by averzging the scund-pressure levelsin mid-irequency
octaves, then by use of irequency-seighiing peiworks
in sound-level metess, and finally by ftting the speciral
peaks 10 noise contcurs. Morze an:lh'- the best of
the SIL metheds, the 300-2:00-css SIL czicuiation,
gave dlighthv betier predicuions than :nv other com-
bination of ociaves. In line with standardizing on “pre-
ferred frequency™ octaves it is emcouraging that the
3-band (300-2000 cps) SIL and the 4+ band (250-2000
cps) SIL gave results Smilar to those chiained with the
300-2406-cps SIL.

Oi the nexi best method {weighting networks), the
A aid DIN 3 wers equivalent and as good 2s the
600—-§800-cps SIL, all of which were betier than the B
and C netwerks. As 2 first approximation, and in the
absence of ociave band filters, A er DIN 3 sound-level
meter measures may be used to predict the spesch
interference of sieadv-state noises.

Among the generally poorest meihods (noise contour
cieriaj, the ISO(R) was 2s good zs the A or DIN 3-
weighiing network, or the $30-2800-cps SIL, and
although the NCA curves gave better pradiction than
the 1SO contours and the NC carves the tangzni-io-
curve methods as presestiy nsed are not verv good, no

:ier than the B-weighting network.
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Observer Variability in

Reading Noise Levels with Meters

Roy G. Kismpp oad Joha L Leceord
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Sx Pigre 3. CaSfecxsiz

VARIETY of imirowenis incdodine escillo-
scopts, porwer letel recondas thermocvupnles
2 woving «vil melens are nzilable for mrzwanioe
podes lameds, tal, beeanwr of fartors sucd 25 fox 20t
an? ez2se of niege i =cioal praciies DOt noTRz
level messurements zre xede with ez Kind ef 2
moving ¢oll, avereging toeler ezlitratad to read in
termms of roci-esean-geare frmss valoes Movine
col! Instruments n widespread nwe in noiser meas
urenwnts stk a&s the sound-level mmeter, the VU
{vciome unit) matsr, and the varsgum-tubs volt-
tveter Sisplax Srral devel in ferzos of she pasdtion
of 2 pointer zzainst 2 caitbrated saie. Tor leved
ic read by an observer of Jbwervers zud 3 wsmally
recorded 2s 2 singls number Tepreseating the aw-
erzge poinier position daring the sampding prriod.
Ir 7omiine nozsalevel mrasarememis. 3 pot
uncoxmmea for 1 - oixervess. both reading the same
meter, 10 stant B with two diferent numbrrs to
represent the average devel If ik noles being

Loy €. Strnpp reeeived ko EX fe gopolisry i
2959 cxd iEs WX, ix The ssmr Sei2 Ix 31237 frem ke
Teivoxsy of Wiscorsiz, T joived far stef of e
T 8 Nozz Féectrovios Leversiory it 852 ar ¢ Ee-
srorit Fepohtlopinl sperowiitizng fa coosyluy T o
Frriicyicely goodirrs of derrizg. Esorpt for € fxo-
prer faterrzpiion 2o soeve ke Mrmy ke Los ere
supized €f NEL ¢3¢ givce. Te boe beez exibar ond
ce<ttbor of ramwrors regoris €48 crivios v the £o32
of arezsisce. He vt €8 eorscir mendas &F b Ao
2300l Secirly of Lwemine Sixar Srplember 192 de
3 drex om xirpdnd edunciiexsl locie werlizg for
2 P2 D el ter Uninereily of Jove.

Xr. Jote L. Jooscrd Toocsted ko R4 s plipnes
from the Fanesly of C2liforzis ot Sorbdey ie I92.
Devizy Werld e 11 3e vor 2 Zemprielr Fivwmcy
aith ke Trsrxresly of (<hforssc. K3 ¢ FAyposd foo
th¢ Xory Tieetzorsez Lilerciesy, br tos Sove el
3} szdcunsler rexnd smng wmelda For xir yners
2e Broded ©z reslrrewalcisex slef Ischridedly v
speesile for Bt arairzewrainsets sed pieaded wost
wrr30rTds For qveecrrh an for Lvnan Foctors fmroses
ot XEL. Be has brre extior ced cocxlior of mery
reports ool swsvred erlodes Sl dxddy srverel peicels

rremaned s ndativedy sdezds in kv or fodosle
reenlariy within = limited ran=e of lnds tbhere
i ozalic Intle dxecnoenent. Hoxerer if the noier
fSpcnzies markadi znd irmegaieriy in bevel the
3ob of estimating the averaze leved 35 nol 257,

jmiszmmmdeﬁhmﬁm,zﬁdé&
2zTesmnent ameany ohwerrters 15 libdr.

Tais problem s siearinmes bandied by averasipz
the estizusticns made by oeveral obwervers. bmt.
ofien. 1o save tume, one prrwedm 15 2ppeiied as the
oSeial metsr seaden, and his estimatioms zve 2o
cepled 2s the ement Taloe. The inzccarary which
mmar be nirodeeed br this ketter proocdere 3 endi-
rarily froorad in ntioe Dolse DE2GRERIS And
i memailly assomad 1o be less tdan the imzocaracy
interent In the oz rrine InSrotoeglalion OF So-
Ming preredures

in ooene of onr otk eoanreted with the mrasura-
ment of the sprech Imrerioneses of notse, 2 awmber
of noise leteis wene 30 nr mvasaned with soomd-leved
meien a2l vatmzmrivhe weltioeters, It =t nat
pretiveal 1o o 2 groap of cheervers, =4 i, ther
fore. Drezmr decradle 1o zswess the s which
mizht be intraloced by the @ of 2 single meier
rezder. teverdiamiv =n exprTimtnl wxs comdacied
¢ @starmine the dispirsicn zmonp observers esti-
maating ths zverape leved of somples of stesfy stais
2=d Soasating naies, Each of nins observers ost-
soaisd the averame beved of ezch of 16 d:Jerent poier
<zapie diplaned o thne difenent sovinoesd
IneleTs.

Procrdere

Frien xmnong a ma=Rer of svtlers on band 1a 1be
L2bomtery. threr SRIeTs TRere chown, primardy o
the beis of 2 differeane in amping chiracleristiers
Tie three totters wlecied were: 113 2 Hemdent-
Peckard Cempeay. modd $033A ransder ol
meier: {25 a Groeral Radio Ceazpany. iepr 1331-A
wamndleved teder sond c3: 3 llroed zeed R oaer,
meded 2HO sz mmmoanie tollimeder Frmeee 12
and 3 are nholozrapde of the three mecters, 2l
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Tasir I Characteritics of the oxetens xo twed in the exjasiment.

Appooxi-
m m‘
o A::"e.-.k . in seC 10
Disd Resge of sesde s Uy reach 1007,
Ater woEgs =esdynps in 48 mrdB nesgaoctr acale ¢
Bexleet~Packard ~1 cpe-1 Mc™ —1230 +2 1 Usniform S
SCA Voltoeter
Graenal Redio 15514 ~A Wegasg™ —610 +10 ] Reduond nesgwcaer as
Sond-Leved Meter Do Aeter™ tecdow 20K epx
Broel & Kher “Pak”™ Oto =2) L2 Unfarm 43
25" Vel anter “AC Dezgeg™

Table I Iists wversl Guracteristics of 1he metars
sx they were emplsved in the experizoent,
it is apparent fremn Figs 1-3 2pd Table I that
the wters differed In a number of respras. To
the observer reading the meters in thic (ipiriment.
boreﬁr &epnmzrrd,..mm the meters
the degres of damping. The Hewiei-Paciard
(EP) meter w21 for ““1 eps-1 3227 {esedes per we-
sad and mepartdes yor steond) nespemse almost
eceapletely “irened out™” momentazvy Scemations
in Iev=l: the Broe and Kizer /B & K) motter s
to “Paak-VU™ rcadiy nponded 10 2oost mocnen-
ta17 Zocmations; the General Radin {GR) meter
set o “A weirhting-Siox Meter™ m2s intermedi-
iz amse; the thres meters In the rapidity of ns
respomse. Diferencss in dasoping 2eoung the three
tiers ane showan in Fiz 4 which ploic the por
rent of pointes anwgler doflection z< 2 feirtion of
time when each wax activated by the 2bropt one
of 2 soctamed 1080 cps izl Figane £ sbows 33mt.
2¢ e meiers werr wdjoded, 1he fimr to yach 107,
i follserle ameniar 3efeetion w2s foss tkan 02
sooond (s2¢) for 22 B & K meier, 2bomt 93 sec-
oo for the GR meter, 2nd over 25 weoonds for the
HP meter. The curves shoan were oblzined peine
an olserver wHE: 2 1op ok 10 1se pointer 2nvn-
lar defestioms znd zre, therefore, 2pproxizmatias
TaRs I preents infuzalin on e 315 nore
mp&&mﬁhiﬁcmt%@cb{-km
<mpies were reoded atsand Sperzline Naxy
sﬁ.’y&wm:mﬂcﬂm%aadc&m
lazd. 2nd 2 fewr were Temeralad in the beraimT.
The potve sumphes Zn Tadde 13 sre ordered from 1
6 I8 o the imas of {mgoiner churseleristis
Netves No. 1 1rongh No. 3 exatain predeminanily
Yo frewpoencies: mokes Na, 6 irongh Noo 12 Bave
et of bty epergy In the miG-fregniney resiom,
53 notses Na. 13 threagh R 16 have trome bk
frequencs compuntals
The dorainn of 22eh ample, lided 12 odums §
of Tadtde Il wax taflored to he =fSewmt for an o
S#gver 10 make 3 wnrle jodevent en 2 mmoler. Nodwr
an ges wihiied varied only sfichtiy o resalariy in
lrve] were presniad {or 2 mintroom lenath of ime
79 sec). Cther samples which taried irveymlatic
or widely in devel were prescnied for prricds of

26  SOND Vilame 2, Nowdcr §

tie up o 4 sre A See interval hitween samples
prrmitied olservers (0 record estimations made on
the meters

The obs-rved varation in level of cach noise sam-
ple differed amonsz the threr meiers because of Jdif-
fereness in tacier demping. freqoency response and

-

Fig. 2. Goaenl Ladn type 1551 A Scurd Lrve] Mecer.
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3. 3. el eed Kjeer modet 2409 Veitmeter.

rectified cireuiiey. Fizure 5 siows noise traces
made with 2 power-leve] nvonder adjusiod to simu-
late tar responze of tie B & K meter, Le.. VU dzmp-
ing. peak reading. This fizure shows that a trw of
the noises variad relatively hittle in level. some
varied moderately. and a few varied markedly in
fevei. Each tfrace rrpresents a time interval of
slightly more than 15 sr. ~ that one complete
cyele of the longest noie sample (31} could be
displaved.

The meters were connected io the vutput of a
tap= reproducer with the signal fed into the GR
sound-level meter via the micrephone connestor.
The recorded level of ecach of the noise samples was
as far as pasible adjusied to aliow the 16 sampies

PERCENT FULL SCALY DEFLECTYION

O

Q

A
G2 04 G6 GE 10 20 30 4C
TIME w SZCoNDS

Fig. £&. Apprcximate domping charscteristics of the three
meters wied.

to b displzyed without changing meter setlings
between samples. Exceptions were noises 1 and 2
for which the gain of the GR meter was insreased
by 2) and 10 dB (decibelsi, respactively, to com-
pensate for the de-emphasiz of low frequencies in
this meter se! to "A™" weighting. No attemp® was
made to make ific three meters agree on any single
wise or zet of noises. The meters were, in fact, ad-
Justed to read differently. ¢ as o minimize the
possibility of estimations made on one metsr in-
tluencing estimations made on another meter.

To eunable subjects te h:ar the noise at the same
time they were reading the level on a meter, the
roise samples woere reproduced over an extended
range joudspeaker system at a2 comiortably load
level. All subjects were employess of the Navy
Electronies Laboratory, and ail had considerable
exXpericnce in reading many types of meters.

Each subject served in three test sessichz—one
am1 each of three days. During each test sesZ_a each
subjeet made a- estimation of the average level of
cacit of 1he noise samples on cach of the three me-
frrs (16 noises times 3 meters equals 48 judzments,”
session L. The soqgizenee of meter presentation versus
subjects was counterbalanced over the three ses-
SIons.

Preparatory to the firt t=st session, the noise
samples were plaved through ixice 10 2cquaint the
subjeets with the nolses. meters, and test proce-

e N e
T’ nar NS SLan o

-3 ~—f - me——f-- me - £  mm
R o ™™g - ™ AT st

Fig. 5. Fover level trocings of the 16 2zise sowples
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Fig. 6. Standard deviaticas and :anges of estimations
mecde by 9 cbservess on each of throe days.

dures. In each test session the subjeet was in-
structed to write down for each noise samiple a
single number, representing his best estimate of
the average level of the sample. Sutiects were told
to observe the pointer position dnring the entire
time the sample was being presented and to obtain
estimations by using an ‘‘arithmetic-averaging’’
procedure. Thus, according to instructions, if the
pointer deflection was *‘2" for } the time and
“8" for 3 the time, the desired single-number
average reading would be ‘“5.0.7° If the deflection
was 277 for 109 of the time and “*8”’ for 90%
of the time, the desired reading would be *7.4.%

It was apparent that the subjeets -vould not be
able to perform computations like thio.se illastrated
in the limited time aveilabic during and between
noise samples. The instructions about averaging
were given to insure that ali subjects started with
the same orientation and in the hope that, although
specific instructions could not be followed, the
general philosophy would be adhered to.

Subjects were instructed to read only the decibel
scales on the meters ancd to make estimations to the
nearest (L1 dB winever possible. Only numbers
corresponding to those on the meter scales were
recorded, sinee, with the meters deliberately thrown
out of calibration. the absolute values had no mean-
inz. Befere each of the test sessions, the stability
of the playback and meter system was checked.
Changes in the level of recorded sine waves and
constant level noise signals were less than 22 0.2 dB
as measured with a single observer reading a pre-
cision voltmeter,

Results

Figure 6 shows, in histogram form, the standard
deviation and range of estimations for each of 16

28 SOUND Volume 2, wumber &
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noisex male on cach of tioe meters. Each bar is
based on Z7 judzments (one judgmout on each of
three dass from each of nine sabjeets). The num
bers and abbreviations a-ross the bottom of the
figure identify the noise samples (sce Table 1I).
The bars for cach uoise are srranped with the
most highly damped meter ¢(IIP) to the left, the
intermeldiately damped meter (GR) in the center,
and the least dumpeil meter (B & K to the right.

Iigure 6 shows that fer 14 of the 1€ camples (5
and 11 excluded) the standard deviation of estima.
tion is less than 0.3 dB and the renge is 2 4B or
less.

An aralysis of veriance was made on the data
obtained with all 1€ noises and also with the data
from 14 neises (6 and 11 excluded). Results of the
two analyses at the 1% level of eonfidence were the
same, Althcigh ail mair variables (Neises, Meters,
Dsys, and Subjects) were signifeant at the 1%
level, au examination. of the stundard deviations
shown in Fig. 6 indicates that the total variability
frem trials and subjects is in aetuality very small.

Discussion

For 14 of the 16 ncises the range of estimations
is 2 dB or less and the standard deviation is less
than 1.5 dB. Considering that several of the noise
samples cor‘ain wide variations in level, the agree-
ment among 27 estimates (nine subjects on three
different days) is surprisingly good.

Although the three meters differed in a host of
characteristics which might be expected to affect
the estimations (damping. frecueney response, ar-
rangement of secales, size. and number of scale di-
visions, ete.}, there appears to be ne clear-cut ad-
vantage in using one meter in preference to another
except for noises 6 and 11. For these two noises the
heavily damped meter (HP) produced the smallest
dispersion of estimations.

The obtained standard deviations and ranges on
noises 6 and 11 were two tc three times iarger than
for tise other 14 noizes. Clearly the avility ef the
subjzets to agree on ‘ime-level estimations is lim-
ited. 1t should be no.ed that stzong objections were
voiced by most of the subjeets about making the
required single-number estimation on noises 6 and
11. They feit that these two noise samples were
made up of several distinetly different components
and should, therefore, have been estimated in terms
of two or more separate levels. Sample €, the power
shear, consisted of a number of short sharp
“bhangs™’ in a sustained, low-{requency background
of moter noise while sample 11, the arresting gear
noise, consisted of low-frequeney motor and ship
noise, a shriel: changing in amglitnde and fre-
quency, and a single short duration ‘‘bang.’’ Sub-
Jeets felt they were able to estimate the level of
cach component in these noises with a reasonable
degreee of aceuraey but conld not assess aceurately
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the telative dnsytion of momentary comnamests
stel ais *tbaugs ' and “skricks.”

tn the preent study wnhiecte were fncdrusted to
estimute the average aise level by averzging the
pointer deflecfions on a time-weighted basis. ‘This
procedure was used, because the instructions are
relatively easy to follow and the pricedure is, in
fact, ona that is commonly used in noise-level read-

Hy determined. In the

3
$grga s,
o !:u agrina A dee detorm

i
measurement of naise in electrieal systems, the sam-
PN FPVCTCPIINUINN PYOUES SPTVIPrure | POy S cemitiianed $liiicnone
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mensurements made on zeoustic signals, an opti-
mum sampling procedure cannot abways be clearly
specified or followed, and, in such cases, the meas-
urement techinique error zan easily be several times

the misimum error zttributable to the measuring

L4 * .
ing. It should be recognized that such an averaging instrement
procedure does not result in an accurate estimation The 4 t‘ i thi iment sest that the
of the true svund-pressure level, especially when e dald in s experimen sug.,'es ided
the levels beiny combined differ substantiaily. ecror contributed by the meter observer, provided
* * Measurements of the level of a noise made with (D€ averaging procdure is specified, is small enough
a moving-coil meter are subject to errev from 4t 10 ignore in routine noisc measurements.
least three sources: {1} the meter, itself; (2) the L Movi 4 et th il roetifying circuitry are
N . b a1 B . MOovIng cotl theters Wi specr rectif Vi circutry
ineasuremem technique ,8nd (3) variavility or bias available for measuring the rms fevel of noise. Frovided
Srom the observer. It is of interect to speculate the neise being measured does not have ar extreme pe-}x
about the probable magnitade of these crrors. It to rmm rutio or ix not extremely short in duration, such
is diffie H . maters are accurate to within perhaps 0.5 dB. The
is dificult to estimate the erros attributable to corventioaal voltmeter and VU meter, calibrated in
meters becau-e of differences in the precision and terms of the rms of & sine wave but actuslly responding
cireuitry of meters in current use and beccuse the to the average value of sigrals, may deviate markedly
: e te R from true rms when used tc measure noise signals. See
error in & moving coil meter is dependent upon B. M. Oliver, Hewlett-Packard J. 12, No. 7, 14
the characteristies of the noise beinyg measured. If (1961); E. E. Gross, General Radio ("(;mpnn_\' Epreni
H Tt e A ~ . 30 menter 32, No. 17, 3-9 (1958): . G. Wahrman, Brue!
the desired quantity is the true rms level, it is un- and Kjacr Tech. Rev. No. 3, 9-21 (1958); James J.
likely that ‘commercially avaiiable meters in ordi- Davidson, ‘‘Average vs. RMS meters for Measuring
nary use will be more accurate than = 0.5 dB and i}'oi%e.” IRE 'll‘r.;m“ ox}l, Audioill\'m 4 (361) and F.
= : 3. Terman and J. M. Pettit, Electronic Measuremesits
may .Wen .b(: from 1 to 5 (_iB Or more 1 error on (MeGraw-Hill Book Company, Ine., New York, 1952),
certain noises.? Errors attributable to measurement 2nd ed., Chap. 1.
TasLe I1. Description of the 16 noise samples.
Maximum
change in  Duration of
level in dB sample
Name Description (irom Fig. 5) in #ec
1. Ship Rumble Primarily very low-frequeacy ship rumble 6 15
2. Grab engine Electrical motor of large size with strong iow-frequency 4 35
nam-like compenents
3. Blewer Low-frequency blower naise recorded aboard ship 6 9
4. Thrrmsl noise, —6 dB Low frequencies predominant 3 10
per octave slope
5. Blower and huil Low-frequency rumble and machine noise 6 10
G. Power shear Hydraulic pcwer, shear cutting mietal, includes clang of 19 29
sheet metal dropping to floor
7. Generator Shipboard generstor with whine and low-frequency 4 26
components
8. Compressor Refrigerstor compressor with rhythmic sound 5 15
9. Voicr babble 5 pairs of cominunicators exchanging monosyllsbic words 21 31
10. Thermal noise, flat Wide-band hiss 3 9
i1. Arresting gear Noise recorded in arresting gear room of aircraft carrier 21 44
has rumble, shriek, bang, and roar components
12, Engine room Complex machinery noise wide band % 12
13. Air grinder Air-driven grinder on metai sheet; high pitched “dental 11 20
drill” sound
c . 14. Typewriter Typewriter operated at 40-60 words per mirute—strong 22 a3
in high frequency components
5. Thermal noise +C dB High-frequency hiss 3 9
¢ per octabe slope
. . 16. Jet idle Jet engine un flight deck of carrier—has strong whine 7 20
components
SOUND July-Awgust 1953 29
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Articulation Index and Average Curve-Fitting Methods
of Predicting Speech Interference

J. C. Wesst=R Axp R. G. Kruaer

U. S. Nary Fledreaics Laboratory, Sun Diego, Californta
{Received 3 Mazrch 1963)

Sixteen equally speech-interfering roises were rated by using articulation index (AT) caiculations and by
using noise criteria (NC)-type contours as averaging, not peak-finding, devices. Articuiation-index scores
based on 5 o7 6 weighted octave-band levels were equal to Al scores obtained by the 20-band method and
predicted very well that the noises were equally speech-interfering. The use of NC-type curves {irom 500 to
2000 cps3) to find an average, not a peak, noise level also gave geed predicticn. Equal'y speech-interfering
noises were niot, however, equally “loud,” nor equally “noisy.”” There was evidence to show that the fre-
quency that divided noise-masked speech into two equally intelligible frequency regions was 839 or 1000
cps, and was not 1700 or 1900 cps, which is the dividing frequeacy when the speech in quiet is progressively
restricted in bandwidth by high- or low-passed filtering.

INTRODUCTION

IN two earlier papers,’? methods of measuring the
speech-izterference properties of 16 diverse noises
were discussed. The general procedure was that 16
noises were adjusted in level so that listeners hearing
monosyllabic (thyme) words at a constant level via a
loudspeaker obtained 50% word-intelligibility scores.
Then various physical or psyciiophysical measurements
were made on the 16 noises reproduced at the equally
speech-interfering levels. Manyv measurements and,‘or
calculations were not reported in the two previous
papers because {1) only limited presentatior time and
space were available,! and (2) only simple schemes were
under study.?

This paper will deal with the articulation index (AI),
the use of tangent-to-curve contours as an averaging
method, and will discuss the common spectral character-
istics of the noises.

I. ARTICULATION INDEX

The AT involves the difference in levels between the
speech spectrum and the various noise spectra in differ-

' R. G. Kiumpp and J. C. Webster, “Predicting Speech Inter-
fercnce from Physical and Psvchophysical Mecasures of Ambient
Noise,” j. Acotist. Sec. Am. 35, 1116{A) (1963).

*R. G. Klumpp and J. C. Wcbstzr, “Physical Measurements of
Equallv Speech-Interfering Navy Noises.” J. Acoust Soc. Am.
35, 1328 (1963).

ent bandwidths. This S-N difference in dB can range
from zero to 30, since no negative values are allowed,
and all values greater than 30 are calied 30. S-N, from
200 to 6800 cps, can be calculated in 20 bands, varving
in bandwidth; or in third-octave bands; or in cctave
bands. Regardless of how many bands are used, an
average S-N in dB (between 0 and 30) is found and
divided by 30 to get a number from 0 o 1 which is
called the articulation index. For further background
information on Al, see Licklider and Miller® for history
and rationale, Hawley and Kryter* for details of its
use, Licklider® for a critical review of the assumptions
involved, and Kryvter®® for recent medifications, re-
finements, and revalidation.

Ir this paper it will be desirable to compare the Al
results to measures from Refs. 1 and 2 always meas-

1}, C.R. Lickliderand G. A. Miller, in Handbook of Experimenta
Psxchology, edited by S. S. Stevens (John Wilev & Sons, Inc., New
York, 1931), Chap 26, pp. 1055-1058.

¢ M. E. Hawley and K. D. Rrvter, “Effects of Noise on Speech,”
in Hendbook of Noise Control, edited by C. M. Harris {McGraw-
Hil;-Book Company, Inc., New York, 1957), Chap. 9, pp. 9-5
to 9-11.

$ 1. C. R. Licklider, “Three Auditory Theories.” in Psycaology:
A Study of a Science. Study 1, Conceflual and Systemaiic. Vel. 1:
~-wsory. Pevceplual and Physiclogiced Form:dation, odited by

Koch (McGraw-Hill Book Company. Inc.. New York, 1939).
$E. D. Knyter, “Metheds for the Caleulation and Use of the
Articulation Index,” J. Acoust. Soc. Am. 34, 1689-1697 (i452).

tK. D. Krvter, “Validation of the Articulation Index,” J.

Acoust. Soc. Am. 34, 1698-1702 (1962).
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Fi6. 1. Articulation index {AY) calrulations for 16 equally speech-interfering noises. Ths ordinate is the Al (right) or theaveraze

to-noice difference over 20 coually impertant

speeck bands or over 5 to 6 octaves (left). The ordinate inczeases in a positive direction

downward so the Al data will be compaiible with all other data {SIL, weighting actwork, eic.) measured in this paper and in Rel. 2.

That is, the higher the data pcinis, the noisier the noise is rated.
Four different

levels wese used to make the AT valculaticns, the aitual Jevel used and levels at --10, -+1Q, and +2C. Onex

circhs mean that S-N levels greater than 30 or Less than zero never occurred. All Lires are Al figured on the 20-band method. Tae
shading around the “actual level” line indicates the difference between using the aciual or spific speech spestrum or 3 generaliced
gzch spectra both on the G-octave weighted method of calculation (from Ref. 2). The data points arovnd the 4-10 line indicate the

tave {A) or the 6-cctave (----- ) method of calculation at a speech level of +10. 7 he sheded arsa at the right end of the +10 line
shows the difference between limiting the AT speech-to-noise ratios to between 0 and 36 {fower boundary) or fetilag the speech-to-noise
ratios take on an¥ + or — value {open dircles and upper edge of boundary).

ured in dB, so the Al will be left in terms of average
S-N. Altbough it is not always possible to compare
AD’s directly to SIL’s, it is possible in this study because
the speech level was constaat for all 16 noises, the
distance between loudspeaker and listener was fixed,
and all listening was done in the same room. Since the
speech level and speech spectrum were always the same,
the AI for each noise depends on the noise spectrum and
level just as the SIL does.

Figure 1 shows the results of Al calculations using the
16 noise spectra from Figs. 1 through 16 it Ref. 2. The
speech spectrum used for zll but one calculation is the
“general speech spectrum” from Ref. 6. The solid and
dashed lines show AI's calculated on the 20-band
metiod, using the octave-band spectrai data from Ref.
2 as the basis for the noise spectra, and using for the
speech the “general speech spectrum.” The heavy solid
line betweei: 0 and 10 dB (or 0 and 0.33 Al is the Al
calculation based on the “actual leval” of speech used
in this experiment. The lighter lines are for speecn
levels =10 dB from “actual,” and the dashed line is
for an assumed spcech level +20 dB above the level
actually used.

The shaded area around the “actual level” line shows
what the Al is when the 6-octave-band method is used
instead of the 20-band method. The upper edge is when
the “specific speech spectrum” and the “aciua! level”
as used in this experiment are used. The lower boundary
is when the “general speech spectium” is used with the
6-octave method.

The triangles and the dotted linc around the *+10”

speach-level line are for the 5-octave and 6-octave cal-
culation schemes, respectively.

A drcle on any of the lines means that in none of the
20 bands did the S-N trurcate at § or 30 dB. If each
line had nothing but thest: circles, the lines would bhe
exactly 10 dB apart. Becavse of these truncaticns, how-
ever, on very few noises are the lines exactly 10 dB
apart. There is no line that is free of truncations com-
pletely. The “4-10” lire truncates oniy on noises 13
through 16, and for thece noises the true (truncated)
Al values are shown as tiae bottom edge of the shaded
portion. The line and circies for noises 13 through 16 on
the “+-10” line are the values that the Al would have
assumed if the 0- to 30-dB limitations had not been
adnered tc.

The noises in this experiment were adjusted in level
to limit listeners’ scores on rhyvine words to 509, The
average Al for a 50% thyme score is 5.4 dB or 0.18
{averaged over the 16 noises on the “actual level” line
of Fig. 1). Montague® shows that a 30% rthyme score is
equivalent to a 40% PB word score, and Kryter®finds .
that a 409, PB score is predicted by an Al of 0.17. At
this low differential level of speech to noise (3.4 dB),
many bands {of the 20) on many noises (of the 16} show
negative S-N diiferences. These negative values are
called zero, and, because of the preponderance of these
truncated bands at the zeio level, the “actual level”
line is quite horizontai in appearance. Actually, on only

* W. E. Mostague, “A Comparison of Five Intelligibility Tests
for Voice Communication Sys:ems.” Navy Electronics Labomtan:

Report 977. PB 157-229. AD 254-345 (19€9).
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PREDICTING SPEECH INTERTYE

3 of the 16 noises (those indicated by the open circles)
do all values for all 20 bands fall abeve zero (and less
than 50). All other noises truncate ob at least one band.

It is only when a speech level 10 dB greater than that
aciually used is the basis of the czlculadien that trunca-
tion within the 0- to 30-dB range is largely avoided.
\When a speech level 20 dB greater tham ihe level
actually used in these experiments is used as the basis of
calculation, truncations occur wher S-N vaiues of
greater than 30 must be cailed 30. Thiz occurs on ali
noises except noisss 11 and 12,

In summary, in regard to speech level: There is no
level of speech (in the 10 dB steps chosen in this study;
where all 20 bands in all 16 20ises 2re within the 0- to 56-
dB acceptable range. Using the “+-10” level of speech
and allowing the values to go negative {or exceed 30),
a rating of the noises that ic independent of the 0- to 30-
dB range resuits. This is no longer a true Al calculation,
but it dees give a specch-interference measure on a noise
spectrum by utilizing (e speech spectrum. The true
Al takes into account both the speech spectrum and the
0- to 30-dB S-N range. If the speech level is progres-
sively decreased, the Al rates the noises progressively
more equal ir speech interference until, of course, all
noises mask out speech conpleteiy, at which point ali
noises are indeed equally speech-interfering.

None of the calculations shown in Fig. 1 include any
of the spread of masking corrections detailed byKryter.®
This is because at the levels of noise used in these cal-
culations there is essentially no spread of masking. For
example, on noises 1 and 2 the maximum level in the
octave around 200 cps is 90 dB. Wken this is converted
to spectrum level, it is reduced to 67 dB and the upward
spread of masking is for only 130 cps, and then it falls
off at 25 dB per octave (Table IV, Ref. 6). This cor-
rection would at most aifect only the lowest of the
20 bands and then by less than 5 dB. The total correc-
tion in the 20-band average would then be a quarter of 2
dB which is not distinguishable on plots such as Fig. 1.

However, the Al, even without the correction for
upward masking, does a geod job of specifying that
these 16 noices, adjusted in level to be egually speech-
interfering, are indeed equally speech-interfering. Al-
though no table of scores and standard de-tations will
be included in this paper, as was done in Ref. 2, the
standard deviation of the Al calculated by the weighted
octave-band-level method and using the “generai speech
spectrum” was 2.4 based on the 16 noises (or 2.1 using
the 33 weighting of Ref. 2). This makes the AI almost
identical to the best rating method, the 300-240C-cps
speech-interfereace level (SIL) of Ref. 2. And when the
20-band Al of tue “specific speech spectrum” was used,
the Al had a slightly lower standard deviation; namely,
1.7.

The data in Fig. 1, therefore, tend to support Kry-
ter's’ latest evidence in that they “. . . amply demon-
strate the general validity of the Al calculated by the
20-band method. . . .” The data also tend to support the
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Fic. 2. Loudness (in phons} and noisiness {in PNDJ - of
16 equally specch-interfering noises.

conclu: ion of Kn-ter, Fianagan. and Willizn:s® that “the
octave band method for the calculation of AI can be
used in place of the more detailed 26-band method
without any appreciable loss in the accuracy with
which speech intelligibility test scores are predicted.”
It would also appear that, for comparative purposes, 2
general speech spectrum is nearly as useful as the specific
speech spectrum in calculating the AL

1L “LOUDNESS” AND “NOISINESS”

Are noises that are equally speech-interfering equally
loud or equally noisv? The literature abounds in
methods of calculating loudness, ! and a concept ef
perceived noisiness,’* measured ia noys and passibly
related te annoyance, has recentlr been formulated. The
loudness and neisiness of these i6 equally speech-
interfering noises have been determined by use of the
Mark 6 loudness contours of Stevens!® and Kryter’s
revised noys contours,® and are plotted in Fig. 2.

The curvis in Fig. 2 show that equally speech-
interfering noises are neither cqually loud nor equally
noisy. In fact, the relative rankings among the 16 noises
are rated by loudness or noys methods almost as they
were in Ref. 2 by the NCA curves.’* The 16 noises are,
however, noted to be about 12 dB higher in phons and
15 dB higher in PNDB than by the NCA contours.

The NCA rating is determined by the highest peak
in a noise spectrum that touches an NCA coniour. Both
the phon and PNDB calculations give maximum weight
to the highest noise peak but also add in a fraction of
all lower levels all along the frequency spectrum. It
might be expected therefore that the loudness or noisi-
ness of these 16 equaliv speech-interfering noises would
be more nearly equal than the NCA ratings because

* K. D. Knnter, G. Flanagan, and C. Williams, “ Test «f the
20 Band and Octave Band Methods of Computing the Articulation
Index,” Bolt Beranck and Newman Inc., Contr. GSAFI9(604)-
4061, Rept. ESD-TDR-02-1 (1961).

#S, S. Stevens, “Procedure for Calculating Leudness: Mark
V1,” J. Acoust. Soc. Am. 33, 1577-1583 (1961).

1 E. Zwicker, “Ein Verizhren zur Berechnung der Lautstirke,”
Acustica 10, 304-308 (1960).

2 K. D. Knter, “The Mcaning and Mczsurement of Perceived
Noise Level.” Noise Control 6, No. 3, 12-27 (1960).

2 K. D. Kryter (personal communication); also shown as an
appendix (Fig. A.l) in J. T. Broch, “Loudness Evaluaiion,”
Brucl & Kjaer Tech. Rev. No. 2 (1962).

#],. L. Beranek, “Revised Criteria for Noise in Ruildings.”
Noise Control 3, No. 1, 19-27 (1957).

o’




i

W

1342 j. C.

OCTast P43 S42S A& LrCrn F9 228 32100
@3 == 8T = WF = I = TI e 432 = IO = JOME 4

o0

1]

€0

So

OCTAVE BAND LEVEL IN dB RE 0.0002 MICROBAR

»
o
-1
E
p
4
-4
r

100 000 10000
FREQUENCY N SYCLES PER SECCND

F16. 3. Plot of the NCA-70, 150-70, NC-70,
10 noys and 8 sore conteurs.

some account is taken of noise levels other than the
highest peak. And, in fact, there is a slight reducticn in
the disperzion of scores: namely, from a standard devia-
tion of 5.2 for the NCA rating (Table 2, Ref. 2) to
4.8 for both the phon and PNDR curves. However, this
small amount of leveling does not appreciably changc
the shape. It stil! must be stated that rating noises by
undue regard to the highest peak that touches a family
of noise- (or loudness- ) rating contours is not a good
method of describing the speech-interfering properties
of said noises.

III. AVERAGE CURVE-FITTING TECHNIQUES

In Ref. 2 it was observed tha: fitting the peaks of
plotted noise spectra to families of NC,** NCAM and
ISO™ curves was not a good way to rate these noises as
being equally speech-interfering. And in Sec. 1T of this
paper, it was observed that loudness™ or noys® cal-
culations were not much better. However, it has bzen
shown'? that by using only the portion of the (ISO)
curves that were in the speech region, say, those
octaves centered at 500, 1000, and 2000 cps, a great
improvement resulted.

It should also be noted that if only those parts of the
contours centered on the octaves at 500, 1000, and 2000
cps are used, the families of contours are not radically
difierent. Note, for example, in Fig. 3, that the centours

1 These International Standards Organizaticn curves 2ppear in
draits of Tech. Comm. 43 (sec footnete 17 in Ref. 2), but arc also
published with iastructions on their use by J. H. Janssen, “Some
Acoustical Propertics >f Ships with Ragpect to Newse Control.
Part 1,” Report No. 41S of Netherlands® Rescasch Ceatre T.N.O.
“or Slupbuilding as Navijation, Delit, The Netheriands (1962).
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of the NCA-70, 1S0-70, NC-70, the 10 sone, and the 10
noys are all within 5 dB of each other through this
range. And, in f. 1. the average values are for the NCA,
72; 180, 71; NC. 72; 10-sone, 73; and 10-noys, 70 4B.
It follows then that any of the above families of con-
tours weuld give consider:diy betier (lower dispersion;
ratings ou the 16 equally speech interfering noises if
restricted o0 the 360-, 1000-, and 2000-cps range, and
that any one curve would be nearly as good as any other.
In Ref. 2 only the ISO was used in the restricted range,
but any other one would have weiked as well.

However, restricting the range on the contours while
continuing to use the tangent-to-curve method does not
describe the speech-interfering properties of the 16
noises as weil as the 300-, 1000-, and 2000-cps SIL or the
“actual level” AL

It is possible that even better prediciions could be
made i, instead of fitting the peaks of roise spectra to
families of curves, some sort of averaging or integration
could take place. For example, separate readings can be
made of where the ISC, NC2, or noyvs contours, at the
pomnts 30C, 1000, and 2000 cps, hecome tangent to the
roise spectra, and an average of these three readings
taken; or another way of arriving at the same rating
is by visuai averaging. To accomplish this the curve,
say, the ISO-79, is fitied over the 16 noize spectra such
that the best visual average is obwined (half tie spec-
trum lies above and half below the 1SC-7) curve).
When this zverage fit is obtained, the point where the
70-dB ordinate on the ISO curve intersects the ordinate
on the noise spectra is the desired rating. This is roughly
equivalent to making an SIL calculation; the difference
1s that the ceatours are not flat through these three
octaves. It is therefore not surprising to note in Fig. 4
that the results of averaging the 1SO-70 contour through
the 16 noise spectra are virtualiy indistinguishable from
the 3-band preferred-irequency SiL (300, 100G, and
2000 cps) replotted from Ref. 2. And the standard de-
viations are aiso equal at 2.8.

It would appear from: these results that a better way
to use NC, NCA, or ISO contours to rate the speech-
interfering properties of noise would be to find the
lowest noise-ratiag curve that gzerages ot the variations
in the noise spectrum at 300, 1000, and 2009 cps and
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Fic. 4. Speach intericrence [ISO(R)AVE] kased or averaging
the midirequency region (300, 1000, and 2200 cos) of the 1SG
contours through the 16 cqualiy speech-interfering nese spectra.
Plotted from Rei. 2 for companson: the SIL {300-, 1000-, and
2000-cps 3-band average) 2s open crcles, and as triangles the Al
(general speech spectrum. acteal level, and on octave-hand basis)
arbitrarily set equal on noise No. 10 (tharmal, flat noise).
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PREDICTING SPEECH

not, as presently used, detenmine the lowest noise-
rating curve just not excceded by the plotted noise spec-
trum. In other words, average out any noise peaks;
don’ let the highest noise peak determine the rating.

V. COMMON SPECTRAL CHARACTERISTICS

Many of the results of this study point to a re-examin-
ation of the *“‘most important speech frequency.” For
example, the SIL that vredicted these data best was
the 300-2400-cps average,® or the 3-band preferred-
frequency octaves centered at 300, 1000, and 2060 <ps,
and not the more conventional 600—4800-cps average.
Likewise, the AT weighted the low frequendies too litile
and the high frequencies too much. And when tangent-
to-curve metheds or average curve-fitting methods were
restricted te the three octaves centesed around 10030 ops,
they predicted much better. These data tend to imply
that the lower-frequency components of the masking
noises are more important than other investigators have
thought them to be.

For example: French and Steinberg,'® using speech
in the quict and normal listeners, progressively high-
and, later, low-pass filtered the speech until it became
progressively less intelligible. They found that specch
was equally deterioratcd when all frequencies either
above or below 1900 cps were filtered out; ie., the
frequency range above 1900 cps was as important as the
frequency range below 1900 cps. Beranek,’* using male
voices only, feund the crossover frequency to be 1700
under the same quiet-filtered-spe=ch conditions.

However, Pollack!® redid the filtered-speech intel-
ligibility studies, but added 2 broadband noise back-
grornd and varied the level of the speech. He found
that the crossover {or equal importance) frequency in-
creased from 890 cps for low levels of speech through
1010, 1300, 1430, to 1620 cps for increases of 10 dB in
the speech level.

Dyer® did the reverse of Pollack : namely, he filtered
the noise areund a broadband speech signz! and found,
like Pollack, that as the speech-to-noise dificrential in-
creased the crossover frequency increased from abeut
1000 cps to almost 2000 cps. A\ crossover frequency
can aiso be found from Klumpp and Webster data®
and is shown in Fig. 5. To arrive a2 Fig. 5, the spectrum
of Fig. 10 {Ref. 2) was subtracted from the spectra of
Figs. 1 t0 9 and 11 to 13. This ameunts 1o taking out
the characteristics of the playback svstem by subtract-
ing the flat thermal noise spectrum irom all other

1€\, R. French 2nd J. C. Steinberg. “Factors Governing the
Imd;igib"jil;.- of Spreech Sounds.” 1. Acoust. Soc. Am. 19, 90-119
11947).

¥ L. L. Beranek, “Desion of 3pecch Communication Systems,”
Proc. IRE 35, §89-890 (1947 .

13 1. Pollack, “Effccts of Hizh Pass and Low Pass Filtering on
the Intcilizitdhity of Speeck in Noise” J. Aroust Soc. Am. 20,
259-266 (1948).

%W, R. Dyver. “The Masking of Speoch bv High- and Low-Pass
Noise,” Tech. Document Rept. No. RADC-TDR-62-288, Rome
Air Development Center (1962).
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spectrz all adjusted in keved to be oqaally sprecch-interdening. (Add
3.1 dB to chiain octarve-band level)

specira. This is rcughlv equivalent to measuring the
electrical voltage across the transducer instead of the
acoustical output. This procedure in no way changes
anv of the interreiationships among the noises; it oxnly
assigns 2 value of 9 dB in each octave to the dat noise
spectrum and plots all others relutive to this.

The noise spectra in Fig. 5 are piotted in Zroups: at
the top are the envelopes of spectra of noises 1 through
3and 12 (Figs. 1 through 3, and 12 of Ref. 2). Thatis, a2
curve is drawn through the highest level at each octave
of any of the 6 noises. A similar curve is drawn through
the lowest level assumed by aav of these noises. The
envelope at tie top of Fig. 5 encompasses therefore the
total range assumed by anv of the low-frequency notses
between the frequency limits of 250 and 2000 cps.

Similariv, the ¢nvelopes of noises 6, 7, and 8 are
plotted and skow a much smaller dispersion. The plotted
envelopes of noises 9, 10, 13, 13, and 14 are slightiv up-
sioped. Noise 13 is plotied by itself since it is the only
noise which is predominantlr a high-frequercy roise
The jet noise is not plotied since it is unduly infiuenced
by the single frequency components at 3000 cps and
above.

At the bottom of Fig. 3 1s the average spectrum of the
three types of neise envelopes, rogether with the one
predominantiy high-frequency noise spectra. Observe in
Fig. 5 that both the predeminantly high- and low-
frequency noise spectra and the slightiv high- and
low-frequency noise spectra cross each othe: at about
8§30 cps.

Krvter® also has some data of sprech masked by noise
which, when replotied, show a iow cressover frrquency.
For example, if, instead of glotting the noise spectra of
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Fig. 2 in Pef. 7 io be equal in over-all leve! (measured
by the C or flat weighting network of an SLM), it is
possible to plot them at levels which are equaliy speech-
interfering. This is possibls by utilizing the information
in Fig. 3 of Ref. 7, which shows the spesch-to-(over-2ll
Ievel of) noise ratio for given word scores ia tae four
noises of Fig. 2 {Ref. 7;. For ar equal word sozre of, say,
60%, the relative levels ameng noises can be found by
assuming a given level of speech and roticg that the
over-2ll level of noise A is 26 dB less than the speech
level, noise B 35 2 dB less, noise C 15 21 dB ¥sss, and
noise D is 7 dB less. To show the levels at ~xnich the
noise spectra in Fig. 2 of Ref. 6 are equally speech-
interfering {at 609,), the noise spectrum can be re-
plotted such that, with respect to noise A, noise B is
reduced in over-all leve! by 24 dB, Cby 5dB,and D by
19 dB. If this is done, the spectrum plots of the equaliy
speech-interfering noises intersect each other between
the 600~-1200-cps octave and the 1200~-2400-cps octave,
or at roughly 1200 cps; the steeply sicped specira below
this 2t say, 900 cps; and the gently sioped ones above
at, sav, 1400 cps.

It appears thzrefore from the evidence of Pollack,**
Dyer,® Kryter,” and this study, that poise-macked
speech has a cressover or importance frequency as much
as an octave lower than the crossover frequenaes of
fitered speech in the quiet (French and Steinberg,’*
and Beranek¥). Both Pollack!® and Dver® show that the
frequency varies irom 800 or 1000 cps to 1600 or 2000
¢ps as the speech-to-roise differential increases.

SUMMARY

This paper has examined ways in which 16 noises
adjusted in leve! tc be equally speech-interfering can
be rated by Al and average curve-fitting metheds. It
is a continuation of 3 companion paper® ia whick Smpler
physical rating or reasuring schemes were evaluated.

In this paper it was found that Al procedures are
good but oniy marginally better than the 300-, 106C-,
and 2000-cps SiL found best in Ref. 2. It was 2ls0 ob-
served that the 3- or G-octave-band procedures are
about 2s geod 2s dhe 20-bend method, and that a
generalized speech spectrum was almest as valid as the
spedific speech spectrum for comparative evalvations
amorg the Jo polses.

The 16 cqually sprech-interfering noises were neither
equally loud nor equaily zoisy. But their speech-inter-
fereace value could be predicted very well frsm families
of XC, XCA, ISO (loudness or moys) curves if (1}
only that nart of anyv of the curves that center op the
octaves 2t 300, 1609, 2nd 2090 ops is ased, and {2) the
curves “average through” spectrai peaks and vallevs.
The curve-fitting techn:ques do not work well if oxnly
spectral peaks are aliowed to touch them.

Evidence from this and other studies shows that al-
though the “importance frequency™ for filtered speech:
in quiet is around 1700 or 1900 cps this “importance
frequency™ drops as much 2s an octave as the noise
macking iorreases, or, more precsely, as the S-N
differential Gecreases from, say, 30 to 3.

Dex $21TR3 L0 A aNS s o B LM AR 4



PSYCHOPHYSICAL MEASUREMENTS OF
EQUALLY SPEECH-INTERFERING NOISES

[ Syt

In Sections Il and ¥V of this repori, methods of pre-
. dicting the speech interierence properties of 16 diverse
noises were discussed. The general orocedure was that
13 noises were adjusted in leve: so that l!isteners hearing
. monosyilabic wwords at a constant level via a leudspeakar
obtained 59 percent word intelligibility scores. Then var-
ious physiczl measurements were made on the 16 noises
reproduced at the egualiy speech-interfering leveis,

The resuits showed that, measuring the noise :evel
in octave bands and averaging those bands, the Speech Inter-
ference Level concept was the best method if simplicity and
aTcuracy of prediction were both considersed. Weighled
6-octave band Articulation Index czlculaticns were sligatly
betier i accuracy of prediction.

This section of the repor’: cetails other techniques
of measurement.

o ya Oy

Masked Threshold Spectra

In Sections II and V no physi~al measvrement was
presented that was completely satisfactory in speciiying
that the 16 acises were equally speech-interfering. it was
believed that some procedure utilizing the properties of the
hurran ear might iead to betier resuits, so in Section VI

some measurements are given that were obtained by utiliz-
i ing the masking eifects of the noises.

Three inuependent masked audicgrams from each
] of iwo experieuced listeners were found for each of the 15
noises. A PRekesy zudiometer, using pulsed, hali-octave
bands of ncise as the probe stimuli, was empioyed. The
half-cctave prebe stimuli from the Bekesy audiometer and
the 16 masking noises were fed into a single Lansing Iconic
loudspeaker situated in an acousticaily treated room that
measured 7 feet by 10 feet by 9 feet. The listener sat one
meter away {rom the ioudspeaker and for each of the i§
noises found, by means oi an attenuator and a bracketiag
technique, the level at which each of the haif~octave bands
of noise ceatered at 125, 180, 250, 3€0,...4C00, and 5700 =/s
was just harely audible.

The masking experiments reported in this section
were ccirlucted a year after the speech tests described in
Section 111, iV, and V, and it was noct possible to reassem-
ble the same ¢lectroacoustic system used in the speech
tests, aor to test in the same room. To minimize eifects

Vi-i
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due to the characteristics of the new playback system and
test room, all masized-audiogram spectra are piottad as
di:ferences from the fiat, thermal noise {10). Figures
VI-1 to VI-16 (except {ig. ¥i-i{Q) shew these masked-audio-
gram-derived specira. Also shewn in figures VI-1 to Vi-9
ant VI-il to VI-16 zre the differences from ncise 10 of

ird-octave tand levels measured acoustically with the
Gezeral Radio Sound and Vibration Analyzer, Type 1354A.
Likewise, the differ=znce in octave leveis of all noises from
the noise i{l are shown. The levels on which the octave-
ieve? difference are based are iaken from Section III.
Broadband thresholds (the horizontai bars) are also ploited
in figures V1-1 to Vi-2® and Vi-11 t{o VI-16, oui these will
be discussed :n Section VII,
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Uniike figures VI-1 to VI-$ and VI-11 to VI-16,
figure VI-10 1s the actual spectrum of noise 1C. The upper-
most curve is the octave-band spectrum. It is valien di-
rectly from figure 10, Section III, and is therefore repre-
sentative of the level and the acoustic conditions (including
playback system and room acoustics) of the eaual-speech-
interference part of these studies. The next curve down is
the third-octave acoustic spectrum of the thermal noise as
used in the masked-audiogram part of these studies. A
different room from the previous testing room (smaller and
with shorter reverberation time), different playback equip-
ment (Altec Iconic loudspeaker), and a 10-dB lower sound
pressure level were utilized. The 10-dB lower level was
used because of equipment limitations. The maskead thresh-
old of half-octave bands of noise heard n the presence of
the level and spectrum of thermal noise depicted by the
third-octave analysis is shown by the solid squares.

These three spectra - the octave, third octave, and
masked threshold levels - are those used for the zero or
reference lines on figures VI-1 to VI-9 and VI-11 to VI-16,
that is, on these figures, when octave level differencess are
plotted, the octave level shown in figure VI-10 is the common
spectrum or zero reference line. When third-octave dif-
ference spectra are depicted in figures VI-1 to VI-9 and
VI-11 to VI-16, the third octave spectrum on figure Vi-10
is the common or referral spectrum. When half-octave
masked-threshold differences are plotted, the zero refer-
eice is the masked threshold data plotted in figure VI-10.

The reason for utilizing the difference spectra in
figures VI-1 to VI-9 and VI-11 to VI-16 was to equate out
of each of the 16 noises the amplitude vs frequency respounse
of the playback system (recorder, loudspeaker, and room),
and thereby facilitate comparisons with the earlier studies.
As is evident in figure VI-10, the playback system had a
generally rising characteristic to 360 ¢/s, a dip at 500 c/s,
and a falling characteristic above 2500 c¢/s. But all 1€
noises had this same relative response; therefore the use
of difference specira essentially eiiminates this as a source
of undue cemploxity.

The bottom of figure VI-10 shows the spectrum
ievei of the thermel noise, based on the third-ortave spec-
trum data, The difference between the masked threshold
data and the spectrum ievel data increcases with rise in
frequency, i.e., from 20 to 30 dB between 250C to 5000
cycles. This difference, according to Hawkins and Stevens, 18
is sometimes taken as defining. ..the critical bandwidth of
a masking roise." They were concerned with pure tones
masked by white noise., whereas the present data concern
half-actave bands of noise masked by white ncise.
Greenwood, 7 in an extensive study of critical bandwidth,
used narrow bands of acise a5 probes, but his noises were
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much narrower than half-octaves and his masker was pure
tones, not broadband noise. Greenwood's data on pure
tones agree, however, with Hawkins and Stevens. Perhaps
the similarity (of ncise in noise) vs the distinctness (of
tones in noise), accounts for the 5-dB difference noted
between the two curv:s shown at the bottom of figure VI-10.
However, differences in mode of presentation (earphéne vs
loudspeaker), choice of method (adjustment vs Bekesy
audiometer), monaural vs binaural listening, or between
Hawkins and Stevens, the two subjects, and those of
Greenwood, could contribute to the difference.

OCTAVE 3AND LEVEL FROM DAT# IN SECTION 111

MASKED THRESHOLD MEASURED iN HALF OCTAVES
ss=v=-—-= THIRD-OCTAVE LEVEL

SPECTRUM LEVEL

BANDWIDTH (it DB} OF HALF-OCTAVE BANDS OF NOISE IN

THERMAL NOISE IMASKED THRESHOLD DATA MINUS SPECTRUM LEVED)
CRITICAL BANDAIDTH FOR PURE TONES IN NOISE

. HALF-DCTAVE PASS BANDS OS5
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Figure VI-10. System response
of thermal rnoise into ioud-

speaker in sound-treated,
non—anechoic room. This is

. i

the reference rnoise to which
all other noises (fig. VI~
to @ and 11 to 16) are com-
pared. No log amplitude-
time flat is shown bdut the
time variation is just slight-
ly greater thon the trace
shown on figu-e VI-15. The
upoer three bdlack curves are
physical measures. The spec-
trum level is calculated from
the thnird-octave deta.
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HALF-DCTAVE MASKED AUDIOGRAM DATA {SKIP'S RUMBLE
MINUS THERMAL NOISE)

DIFFERENCE BETWEEN SHIP'S RUMBLE AND THERMAL NOISE
MEASURED IN OCTAVE BANDS

DIFFCRENCE BETWEEN SHIP'S RUMBLE AND THERMAL NOISE
MEASURED iN THIRD OCTAVE BANDS

DIFFERENCES BETWEEN MASKED THRESHOLDS OF NOISE
BANDS FOR SHIP'S RUMBLE AND THERMAL NOISE
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HALF-OCTAVE MASKED AUDIOGRAS DATA (SHIP'S RUMBLE
MINUS THERMAL NOISE)

DIFFERENCE BETWEEN SHIP'S RUMBLE AND THERMAL NOISE
MEASURED IN OCTAVE BANDS

DIFFEPENCE BETWEEN SHIP'S RUMBLT AND THERMAL NOIST
NMZASURED IN THIRD OCTAVE BANDS
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Figures VI-1 to VI-16 show that in general the half-
octave masking data (heavy solid line) are closely equivalent
to the third-octave filter data (grey line). There is not
a great deal of upward masking for the noises with most of
the energy at low frequency shown in figures VI-1, VI-2,
VI-3, and VI-4, That is, the heavy solid line in these four
figures does not lie consistently above (nor to the right of)
the grey line. In figures VI-5, VI-6, and VI-7, there
may be some upward masking. Figure VI-15 shows the
reverse, a downward shift. The octave band data do not
always agree too well with either the third-octave nhysical
data or the half-octave, masked-audiogra:n data. It should
be pointed out that the octave resuits are derived from
eariier data (Section III) where a different audio system was
used for reproducing the noises. The largest discrepancies
occur on the most fluctuating noises, Nos. 6, 9, 11, and 14.

Note that the half-octave masked threshold data
often level out the peaked spectra information shown in the
data derived from the third-octave fiiters (see Nos. 2, 6,

9, 11, 13, and i6). This is because the third-octave

filters "see" everything within their passband, and peaks
(tonal components)} result in high numerical readings. iWhen
the listeners find the threshold for z half-octave band of
noise in the presence of these same peaks, they essentially
hear around the tonal components and base their threshoild
on partis of the banded noise outside or beyonrd the peaked or
tonal components.

Broadband Masked Thresholds

Also shown in figures VI-1 to VI-16 (except fig.
VI-i0) are broadband-noise thresholds for eac* noise. Four
broadband noises are used: 300 to 2400-, 30690 to 4800-,
600 to 4800-, and 200 to 680C-c/s bands. As on all plots
in figures VI-1 to VI-9 and VI-11 to VI-16, these broad-
band thresholds are expressed as diiferences {rom the re-
spective broadband thi~eshoids found for the thermal noise.
Aithough not plotted in figure VI-19, the breadband masked
thresholds in the presence ¢f 72 dB of thermal noise were
65 dB for the 300 to 2400-c/s band; &7 dB for the 300 to
48C0- or 600 to 4890-c/s band; and 68 dB for the 200 to
6800 band.

In figures VI-1 to VI-9 and VI-1i to VI-16 the

roadband thresholds, expressed as differences, are indi-

cated by horizcutal ines that define the handwidth of the




band. As would be expected, the threshold for these brcad-
bands of noise in the presence of predominantly low-ire-
quency noises is determined by the high-{frequency cutoff

of the probe band noise. The threshold is successively
lower as the high-frequency cutoff of the probe noise band
is successively higher (noises and figures VI-1 to VI-6 and
to a lesser extent, noises and figures VI-9 and VI-12). For
the flatter spectrum noises {Nos. 7, 8, 11, 13, and 14),

the broadband thresholds are roughly equivalent regardless
of either high-or low-{requency cutoff. For the one clear-
cut, high-frequency noise (No. 15), the noise bands with the
lowest frequency cutoffs have the lowest thresholds. Note
that a line drawn through the upper cutoff frequencies of

the probe noise bands is roughiy paraliel to the masking
noise spectra on the low-frequency noises. And conversely,
a line through the lower cutoff frequencies of the pulse noise
bands is parallel to the high-frequency masking noise spec-
trum in figure VI-15.

The question is posed as to whether the masked
thresholds of these broadband probe noises, which were
chosen to lie in the important speech frequency regiens,
will give a measure of the speech-interfering properties
of the i6 masking noises. It is important tc know how much
variation there is in the 300 tc 2400-c/s band thresheld
among the 16 noises. In columns ! and 2 of table VI-1 are
listed the number and names of the 16 noises. Ceclumn 3
is a weight that refiects an estimate of how ofter noises
of this type wouid occur ir larger samples of ship and
possibly industrizl noises. Column 4 lists the 300 to
2400-c/s band threcholds as read dire<tly from figures
VI-1 to VI-16 (No. 10 is by definition zero since every
noise is comp=red to it). The mean and standard deviation
of these 16 numbers, the mean and standard deviation of the
33 numbers represented by three noises like No. i, one
like No. 2, five like No. 5, eic.), and the extent of the
spread betwren the highest and lowest number {the range)
are listed beiow columns 4 through 12. Columns 5, §, and
7 list the other broadband-noise thresholds taken from fig-
ures Vi-1 to Vi-16. Column 8 lists the tnreshoid obtained
using a voice babble as the probe stimulus to assess the
masking of the 1% noises. These voice babble data zre not
plotted in figures Vi-1 to VI-i6.
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TABLE VI-1. PHYSICAL AND PSYCHOPHYS!CAL MEASURES OR CALCULATIONS
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Column 1| 2 3 4 5 6 1 8 9 011 2 1B 14 15
Broadband Thresholds Physical SiL's Psychophysical Sil's
4J I 3-band|4-band| 600-[300- {300- | 3-band | 4-band
Noise Weight} 3-24]3-48) 6-48 2-68} Babble] 500-2K | 250-2K ; 4800 4500{2400| 500-2K | 250-2K
L ShipRumble| 3 | 0 |-6 |-6 |-7 | -7 71.6 | 76.3 |66.3]|70.5!73.0; -5.3 a1
2 GrabkEng. 1 {3 121213 ]-5 7L1 | 76.3 164.469.0(71.7 0.5 4.4
3. Blower 3 |3 1-41-5]-7T -5 73.7 | 77.3 [61.0]7.7;75.4{ -LO 3.9
4 IN-6 2 j0 |-51{-61]-7T|-5 3.1 1751 [69.317L7115.71]  -4.2 | -93
5. Blower and 5 1113 (3 (-41]-6 723 | 13.7 |68.6)70.4{73.2] -3.2 0.3
Hult
6. Shear 1 |-4 |-8 t10 F12 }-10 €5.5 | 70.0 168.9{70.0j69.2 -42 | -2.3
7. Generator 2 |33 (3[31-3 ] 8 69.6 | 70.0 |69.9j73.7|70.1} -3.3 | -1.4
8. Compressor 3 trjojritrya 720 } 726 |TL4)72.1|72.4! -3.2 | -L5
9. Bahble 3 ]-5 1615814 148 728 |73.2{73.2{144] -LO0 | -2.0
10. TN Flat 1 |0 tgjo 126 | 7.4 |74.6]73.4{12.3 00 0.0
11. Arresting 1 0 -1 }-2 0 7.3 { 71,9 175.2726.8(18.1 40 3.4
Gear
12, Engine Rm. 2 5 -1 -1 |2 4 17.4 | 782 [742]16.778.9 1.7 38
15, Air Grinder 1 -1 1.1 -2 10 75.3 (720 |55.7(76.0f742] -L7 ) -2.8
14. Typewriter 3 G |-1190 )0 |748 |73 |78076.31741} -L0 ] -a1
15. IN+6 1 §-2 §1 5 | 2 | 759 {727 |800l77.0{74 8 48 25
18, Jet 1 % {10 8 L T 79.0 | 77.4 ,8LGjI%.8i%5.2 6.3 1.5
Range 14 {18 {18 120 | 24 G5 | 7.9 {16.6;10.8] 3.7 121 1 103
Mean (16) 06}-1.9/-22-3.3; 04| 73.7 | 742 (72.4{3.0{53.9 -0é L0
Stand. Dev. {16) 3.5§3.9] 3.9 45} 65| 28 27 1 &3)3.1]25 3.4 23
Sand. Dev. 33) 3.013.21 2. 3.8] &8 24| 2¢ §43]26]21 28 24
Mean G3) 03} 25 271 3.711 02 3.4 {742 {7L4|RB.0i3.8 -Lé 0.6
Vi-16
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In Section III the concept of the SIL was explained
and calculations using a variety of different combinations
of octave-bands were tabulated (table II Section III). To
show comparisons hetween the masked threshold data and
some of the hetter methods in Section III, five columns of
SIL calculations are reproduced from Secticen III and listed
in columns 9 through 13 of table VI-1,

In columns 14 and 15 are similar SIL scores based
on the spectra of figures VI-1 through VI-16. These are
called psychophysical SIL's because they are calculated
from spectra arrived at by the masked threshold technique.
Since all noise spectra in figures VI-1i through VI-9 and
VI-11 through VI-16 are difference spectra (the reference
cr zevo line represernts the spectrum of the flat, thermal
noise), the SIL's are all relative to an SIL of zerc for the
flat, thermal noise), the SIL's are all relative to an SIL of
zero for the flat, thermal noise (No. 10). Columns 14 and
15 show the psychophysicel SIL's for both the three- and
four-band set of octaves based ¢. ‘he "preferred’ center
frequencies of 250, 500, 1000, and 2000 c/s.

To determiue which of columns 4 through 15 in table
Vi-1 has the smallest dispersion among the 16 noises, the
standard deviations must be examined. Coiumn 13 has the
smaliest standard deviation. BHowever, if the standard error
of the standard deviation (1 /fﬁ) is considered, columns
¢ through 14, except for columr 11, must be adjudged
equivalent. Columns 4, 5, and 6 could hardly be excluded
statistically, and it couid be considered that columns 9 to
14 {except i1) are in one class, columns 4to 7 and 11 in
another, and column 8 off by itself. In any grouping it is
evident that the physicai SiL's from Section III are not
statistically different irom the psychophysical SIL's calcu-
lated from itne data in this section.

Figure VI-17 summarizes the SIL and broadband
threshold data tabulated in iable I (Section III). In every
case, the measures have been set equal on r»ise 10. From
the present data, and those in Section Iil, it wouid appear
that any SIL taking into account the octave belnw €09 c/s
would predict the speech-interfering properties of these
noises better than the presently used 60C to 4800-c/s SJL.
The psychophysical SIL's are good predictors, but not
superior to physical SIL's and much more difficult to de-
termine. Data derived by aural detection of selectad noise
bands in wider noises are thus neither or greater nor less
value than those from SIL metheds.

VI-*~
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1 2 3 4 5 6 7 38 9 18 11 12 B 18 15 i6
NUMBER OF NO:SE

Figure 7I-17. Speech Interfezrence Levels (SIL's)}
Sfor 16 equally-speech-inierfering noises. Ali
levels are relative since they are squated on
Noise 10, Thermal Noise. The rsychophysical

and physiccl SIL's at tne ifop are averages of
levels in the cctcve rands centered 2t 250, 506,
2000, and 2009 c/s ffour-pardl} or 500, 1000,

and 2000 c¢/s (tkree-band). The physical SIL's

at tne bottox are lased on averages of levels

in the octave bards betweern 300 arnd 2400 c/s,
300 and 4800 c/s, and 600 and £800 c/s. Tae
psychopkysical SIL's {at tke very topj are

based on the half—-octave, masked-~threshold,
difference spectra plotied in figures Vi-1

to Vi—-16. The physical SIL's Gre fro= the sctave
levels printed numerically on figures 1 to 16

of Section III (and eguated io Xoise 1G). Tkre
broaddard tnreshold data are Ffrom the
horizontel-bar results in figures VI~-! o ¥Vi-1f.
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A SPEECH INTERFERENCE NOISE RATING CONTOUR

ABSTRACT

An attempt has been made to show the simiiarities
between three ostensibly different methods of rating noises
for speech interference. The three basic methods are:
Sound Leve! Meter (SLA) readings using various frequency
weighting networks; Noise Criteria Contours, where spectral
peaks of noise become tangent to one of a family of rating
curves; and averagz-level metheds, the Articulation Index
{AI) being the most sophisticated method and the Speech
Interference Level (SIL) being the simplest to use.

A Speech Interference (SI) curve has been evolved
which, when used as a frequency weighting network in a
SLM, or as a noise-rating curve, or as a carve-fitting
method of arriving at an SIL, greatly reduces the sprcad
of sceres among the three measurement metheds when rating
the speech-interfering properties of certain 16 noises.
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INTRODUCTION

In a recent series of papers by Klumpp and Webster
(1, 2) and Webster and Klumpp (3), physical and nsycho-
physical schemes were examined that purported to measure

. the speech-interfering aspects of noise. Sixieen diverse-
spectrum noises were adjusted in level sc that listeners
hearing monosyllabic (Rhyme) words at a constant level of

. 78 dB from a loudspeaker obtained 50 percent word intelli-
gibility scores. Twenty-band, and 5- or 6-octave-band
Articulation Index (AI) calculations, see Kryter (4), pre-
dicted the speech-interfering properties of the noises very
well, see Webster and Klumpp (3). However, as shown by
Klumpp and Webster (2), some other, and simpler, schemes
worked just as well; for example, Speech Interference Level
(SIL) calculations, see Beranek {5), based on octaves
centered at 425, 850, and 1760 c/s, 2r 50, 1000, and 2090
c/s. The A-weighting and Din 3 networks, see Peterson
and Bruel (6), oi a Sound Level Meter (SLM) were good, but
the conventional use of Noise Criteria (NC), or Alternate
Noise Criteria (NCA), see Beranek (7), curves did not worx
well., However, NC, NCA, and ISD, see Janssen (8), curves
worked very well if (1) only that part of the curves center-
ing on the octaves 500, 1009, and 2099 /s was used, and
(2) the noise spectra were allowed to "average through" a
contour and not just touch it at a peak value. This "average
through" or average-curve-fitting method is a2 combination
of methods. It uses contours customarily used in the tangent-
to-curve method to arrive at the equivzient of an SIL (average-
ievel method). In the discussions which follow it will not
be spelled out as a separate method but will be considered
as just another average-level method. See ref. {3)for
more discussion on this combination method.

In the process of trying all possible noise-rsting
schemes, it became evident that there were essemially
turee basic ways to rate the speech interference properties
of noises. And although the three basic methods differ in
how they operate, the best of each methed was pretty good
and with a few compromises here and tkere the three basic
simple methods might become quite comparable.
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METHODS OF RATING SPEECH INTERFERENCE

The three basic methoas of rating the speech-inter-
fering properties of noise are: (1) average-level methods
(the AI being the most comprehensive, universal, and the
best predictor, but the SII. doing as good a job if the proper
octaves are chosen initially); (2) SLM frequency weighting
networks {A and Din 3 being conclusively better than either
B or C); and (3) tangent-to-curve methods.

As stated in Klumpp and Webster (2), these methods
work in different ways and it is pertinent to poirt out how
they difier. The simpiest in concept, but the worst in pre-
dictive ability, is the tangent-to-curve methed. In this
method, only the noise component (peak) that first touches
a generalized noise-rating contour determines the rating.
Any pure tone component, or any restricted band component,
that differs drastically from its surroundings dominates
this rating.

The targu:nt-to-curve method may be expiressed
mathkamatically as follows:

¥R = ten log,, *(f,p)2] o7 (1)

where A7 is any ncise-rating criteria desired szch as 3T,
&HC£, or iIS5; and % is 3z frequency- and sound-préssure-
dependent weigkting factor (reireserted by families of °F,
#C£, or 150 contours); 5, is the maxiznum sound pressure
{the noise spectral peak that first tecuches a given coriour);
ard o_ is a reference sound pressure {usuaily 0. 0002 micro-
bar). The magritude of 57 is the logarithm cf the weighting
factor at the fraquency cf p,, and the maximum noise sound
pressure.

For the weighted-integration (SL2A! or network)
method, the indicating instrument fcliowing the weighting
network in a SLAI adds componenis powerwise, i.e. two
egual componexnts resuit in a ievel 3 dE greater than either
ievel individually; nevertheless, 3as in {he tangent-to-curve
method, = single ccmponent 10 dB greater than all its
neighbors essemntiaily determines the level. The frequerncy
weighiing network metio3 can be expressed mathematicalry
as fellows:

» (2)

w=10log {} |5 G2 + 2 (£.00F +.. % (7,257 ]| P°
gw' 1 2 2 2 T ni "o

where v is a sound-level weighting reading; #; is a ire-
guency-dependent weighting factor determined by the defini-
nition of ;0. .- &z, are sound pressures in contiguous bands.

+
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The magnitude of w is the logarithm of weighted sums of
squared band sound pressure.

The average-level riethods (Al and SIL) work con-
versely. Whereas the tangent and network methods are
determined by one (tangent) cr more (network) sound pres-
sure peaks and give readings equal to (tangent) or greater
than (network) the highest peak sound pressure level, the
average-level methods yield measures lower than any single
peak by the inclusion of lower levels.

The average-level method can be expressed mathe-
matically as follows:

(3)

i/r
SIL, = 10 log ([ (£, V55X & (£, 002 ...k (7. P)F | pf;}
where SIL is a Speech Interference Level of n bands,
both the nun"ji)er of, and the location of the bands must be
specified; # is a irequercy and sound pressure level de-
pendent weighting factor (but for SIL calculations in the past,
a has beenequal to z_ .. 5. =1} D .. - P, are sound pres-
su.e levels in specified bands, As a conseguence of the
properties of logarithms an equivaleat SIL resuit can be
obtained by taking the arithmetic rmean of the levels and
a2dding a coastant which will depend on the weighting -- a
process iess involved than taking the individual differences
and averaging, but a process that can be used only if = is
rpeither zero nor a fuonction of 3; i.e. all §IL differ by con-
stants. The magnitude of an SIL is the logarithm of a pro-
duct of weizfting iaclers pius the iogarithm 6f 2 harmonic
mean of band scurd pressure.

As an example of how these inree methoas dilffer,
consider a noise that had egual sound pressure leve?, say,
380 dB, in each of four pertinent octave bands. This noise
would be rated 80 by the average-level method, 86 by the
integraiion method, and 80 by the tangeni-tc-curve method.
A tonai component of 30 dB in one band would change ¥
average level tc 82.5, change the network reading to 91,1
and the tangent-to-curve rating to 90. Two 99-dB tonal
coemponents in adjacent cetaves would change the average
ievel to 85, the integration-method reading to 93.4 and the
tangent rating to 50. Two 20-dB tonal components in the
same band would change the average-level to 83.3, the inte-
gration-level to 93.5, and the tangent rating to 93.2.
Licklider and Guttman (9) have shown that tonal components
do not mask speech very effectively so the speech interference
properties of these four hypothetical noises would be approxi-
mately egual.

To summarize the example: The average-level
measures cn these hypothetical noises varied from 80 to
85, the integrated levels from 86 to 83.5, and the tangent
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rating from 80 to 93. The weighted 5-octave band Al would

act much the same as the average-level measure except that

weighted averages would be involved and, in fact, in the

examples above, changes in Al, expressed in dB, could be

as large 2s 5.9, depending un which octaves the two tones

were in and whether the level of speech kept the speech-to-

noise (S-N) within the 0 to 30 dB range. To express Al in .
dB, recall that an Al of 0 corresponds tu an average S-N

differential of 0, an Al of 1 corresponds te a 30 dB S-N, an

Al of 0.5 to 15 dB, etc., so ary value of Al can be expressed .
as some S-N between0 and 30.

It follows from the above discussion and from the
results presented in Klumpp and Webster (2) that on any
given noise the integration methods will give the highest
numericai ratings (two 2qual peaks together add 3 dB), the
tangent-to-curve method next (highest peak, or peaks,
determines rating, no summing), and the averaging methods
the lowest ratings. This is strictly true only if the frequency-
weighting networks have the same general frequency vs. level
shape as the inverse of the tangent-to-curve rating contours.

Figure 1 shows the general similarities among the
common SLX weighting networks and the common families
of roise-rating contours. Note, for examgile, that the loud-
ness, see Stevens (10), annoyance, see Kryter (11) and
Kryter and Pearsons (12), and NC curves are quite similar
in shape, especia2lly at the low frequencies and for the 70"
contours, and that 231 of them tolerate less low-fregquency
soond thao the NCA curve. It should be pointed cut that loud-
mess and anpoyance calcuiatiors are rol just simple tangent-
to-curve caicuiziions. They are different inasmuch as com-
porents ciher than the peak specitral comporent are taken
intn aocorrt. In Uis regard they act more like SLM weight-
ing networks. Aiso nole that for loa-freguency sounas at
ieast, the NC2-70 rating curve a=nd the A weighting natwork
curve are very similar in shape. Young {i3) hes already
made a case for using the A waighling neiwors for r=ing
sGunds becawse of ihe general similarities in shape belxeen
the A ard the NC-20 contours. Young (i) has nox shoTn
ihat evern loudness a2nd annoyarce, at least for oilice moises,
are fairiy well predicied by the A weignting network.

Since the A network is very similar in shape to the
inverse of the NC andjor NCA contours, it is not surprising
that the ratings assigned to the 16 equally speech-interier-
ing noises in table 2 of Klumpp and Webster (2) are higher
in magnitude on A weighting (83.35 dB} than on NCA curve-
limiting (78. 7 dB), and that both are iarger thar the SIL
{73.7 dB). (These data are reproduced in columns 5, 8,
and 13 of tabie 1.)

The absolute magnitude of the —~z2tings assigned by
variants of the three basic methods is not, however, the
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Figure Fii—i1., XNoise rolimg curces ard
sound Icpel mzler freguency weignting

maost imporiant facet. I is the dispersion of the ratings
assigned to the 18 equally speech-interfering noises that is
important. In this regard, according to Kiumpp and Webster
{2} and Webs?er and Xlumpp {3), the averaging methods are
generally superior (the Al, Sii, or average curve-fitting),
the irequency-weighting netwcrks next, and the tangent-to-
curve methods worsi. (This can be cbserved by noting that
both the Ranges and Standard Deviations increase irom
coiumn 13 o column 3 to column 8 of table 1.)
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TABLE V1i-1. VARIABILITY ASSOCIATED WITH
VARIQUS MEASUREMENT PROCEDURES

: 1 2 3 4 5 6 1 8 9 1o nijr n u
7, ”, Weighting Networks Tangent-to-Curve Averaging or SiL's
% Noize C [ CIRE A [A' | A'R) NCA]ISO(R)| NCA'|Phong A' |3 Band| A*(R}
- '?‘e L ] 70 170 | 70 10 70 70
N 1 Ship Rumale [105.3{ 80 {8.3,79 |76 |8 |77 |75 | 100 | 64 | 71.6] 68
= 2 Grab, £ng. 97.6/ 83 [&6.3(8 179 |8 |8& |78 97 {63 | 7.1]68
e 3. Blower 92,3184 [85.1181 |79 |79 | & |18 9164 | BT]T0
R 4, IN-6 8.8{78 179.3177 176 1713 |14 [T12 89 |62 B.1|70
5 Blower &Hull | 85.3{79 |788{76 |15 {73 |75 13 8 15 | 723169
N 6. Shear 78874 |715.8{73 |72 |69 |71 (67 8 |59 | 685]66
1. Generator 79.3{75 1786472 §72 |72 |74 |68 88 |60 | 69.6 |66
& Compressor | 8L0{77 78574 |74 |73 |74 |71 % |62 | 72069
9, Babble 80.3|79 |80.8]17 |77 (16 |71 |74 & |61V a8|M
10, TN Flat 80.7|80 |8l.6)76 |76 |78 |8 7 94 |62 | 726 |69
1, Arresting . zar| 85,3182 |&.8[80 |&u 178 |79 |76 B 166 | 77.3|74
12, Engine Room |, 86,384 [84.3|8 |8 178 (8 |19 2 |66 | TIA|T4
- 13, Air Grinder 843180 |saBimr |77 184 8 |73 % 164 [ 153172
14, Typewriter 8.4/8 |81.4|79 |19 |8 (& |75 97 [65 | 74871
15, TN+6 883|184 (89.83/8 (80 |8 |8 |79 98 |65 | 715.9 |72
16, Jet 93.8/80 |9382 (&2 [ [ 8] 106 {70 | 79.0 ;76
Range 25,5/15 (18510 (10 |25019.0 {14 20|14 105 110
) Mean 87.0180.6|83.5({77.9{77.3 | 787 79.1 |74.3 | ®.5[63.1] 73.7 | 70.5
' Standard Dev. 7.4( 3.71 47/ 3.0{ 3.0! 52 48] 3.7| 52 3.2} 28] 28
Rank 8 |4 |5 12 ]2 1 ] 4 713 1 1
Group 4 1213|111 3 3 2 3,1 1 1
PURPOSE
It is the purpose of this paper to construct a Speech
Interference (SI), frequency-weighting curve that can be
used (1) to calculate a weighted SIL, (2) as a filter in a SLM,
and (3) as a substitute for the NC type (NC, NCA, and ISO)
contour at the 70 dB level. The curve will be designed to
: measure only the speech-interfering properties of noises.
To the extent that speech interference is the determining
factor in the judged loudness, annoyance, or office environ-
. ment acceptability, this speech interference contour will
measure that quantity.
Vii-8
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Specifically, a contour will be developed that reduces
the dispersion among the ratings of the 16 equally speech-
interfering noises reported by Klumpp and Webster (2).

The purpose will be to devise methods and means of better
estimating the speech-interfering properties of noise with-

out using the more involved Al technique.

SPEECH INTERFERENCE

On the basis of the results of Klumpp and Webster
(2), the guidelines for developing a speech interference
contour at the noise and speech levels used for those studies
are clear. For 50 percent scores in relatively high level
noises (as compared to acceptable offices), the frequency
regions of the noise that limit the speech are centerec at
500, 1000, and 2000 c/s. If the speech interference contour
is to be used as a filter network in a snund level meter,
sound of frequency below 300 c¢/s and above 3000 c¢/s must
be discriminated against. Likewise, when used as a tangent-
to-curve determiner the same frequency cutoffs must be
observed. When used as a shaping network for calculating
an SIL or average-curve-fitting within the octaves 500,

1000, and 2000 c/s, the center octave needs to be emphasized
somewhat more than the others.

With these general guidelines a contour labeled
SI-70 was developed as shown in figure 2. The shape of
this contour is determined largely by the levels of the
limiting spectra of the Klumpp and Webster (2) noises as
shown in figure 5 of Webster and Klumpp (3). Using this
SI-70 contour, the 16 equally speech-interfering noises of
Klumpp and Webster (2) were rated as detailed in table 1,
All of the ratings in table 1 (except those in italics which
are taken directly from Klumpp and Webster (2)) are cal-
culated measures, including those where it is assumed that
the inverse of the SI-70 (and labeled A') is used as a filter
network in a SLM.

In columns 1 and 2 of table 1 are listed the numbers
of, and names of, the 16 noises. For coinparison reasons
the C and A weighting network ratings from Klumpp and
Webster (2) are shown in columns 3 and 5, the NCA and
ISO(R) ratinge ja columns 8 and 9, and the 3-band SIL in
column 13, In column 4 is the rating that would result if
a flat {C) weighting were used in a SLM but bandpassed to
include only the octaves centered at 500, 1000, and 2000
c¢/s. This column is labeled C(R); the '"R" specified here,
as everywhere else in the table, "Restricted Range, "
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. The remaining columns in table 1 are ratings the
16 noises would get if the SI-70 curve were used as a new
A network, namely A'; for the whole frequency range
(column 6) or A'(R) for the restricted range. Column 10
lists results from using the SI~-70 contours as the curve for
the tangent-to-curve method. In column 12 are given the
measures of the SI-70 curve when used as an averaging
curve to find a five-octave SIL (based on center frequencies
of 250, 500, 1000, 2000, and 4000 c/s). In column 14 are
the results of restricting this averaging procedure to the
usual restricted band (500, 1000, and 2000 c/s).

Below each column are two measures of dispersion:
the range (highest minus lowest rating) and the standard
deviation; and the mean rating on the 16 noises. The rank
order refers to the relative smallness of the standard
deviation. The smaller the standard deviation the better is
that method in rating the nei :s to be, as they have been
adjusted to be equally speech-interfering.

Some of the data in table 1 are plotted in figure 3
and reference to .able 1 and figure 3 makes many points
very evident. F or example, the greatest reduction in the
variation among the 16 noises occurs by merely restrict-
ing the bandwidth to the octaves centered at 500, 1000, and
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2000 ¢/ (see columns 3 and 4 and the two uppermest curves).
The new SI-70 is a considerable improvement over the A
weighting when used as a filter in a SLM (column 5 vs. 6).
Restricting the bandpass cn the SI-70 as a filter doesn't
improve things appreciably (column 6 vs. 7).

LEVEL N DB FOR EQUAL SPEECH INTERFERENCE

RELATIVE DB

NCA'
SILA)———-SIiL

(1 U

172737756 7 8 9 W W T W5
NUMBER OF MOISE

Fijure VII-3. Ralings of 16 equally speech—inter-
fering noises by various metkods. Numbers Gt the
left edge of Lhe curves refer to column numbers in

tatlie 1.
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{column 10} is markedly superior to the NCA {column 8),
the ISO{R) (column 8), which is representative of both the
NC and NCA curves when restricted in bandwidth, and to
the loudness level calculation {(column 11).

When used as an averaging curve to find a 5-band
SIL, the SI-79 is good {column 12) but not as good as when
finding a 3-band SIL (column 14) where it is as good as the
conventional method (column 13). This lxtter finding is to
be expected since, as pointed out earlier, in SIL calcula-
tions (as long as you stay with the same number of bands)
the weighting shculd have no effect on any measure of dis-
persion. All the shaping does is add or subtract a constant
number of dB from the original straight-line average.

In general, then, the SI-70 curve does what it was
designed to do: It provides a single curve, which as far as
predicting the speech=-interfering properties of relatively
high levels of noise, (1) makes a better filter network than
the A weighting, (2) makes a better ncise rating curve than
the NC, NCA, and ISC curves, and (3) can be used as an
averaging curve to find an S{L that is equivalent to the
3-band preferred frequency SIL.

A comparison among the best methods is detailed
at the bottom of figure 3. In this plot selected columns are
replotted from table 1 {or from the top of figure 3) but they
are now equated on the thermal noise (TN), noise 10, and
all ordinate values are relative. In the top set of fcur curves
taken from columns 6, 10, and 14 of table 1, with the Al
calculation from reference 3 added for comparative purposes,
it is evident that the S is the best simple predictor, and
that the new SI curve w :ther used in a SLM {column 6, A')
or as a noise rating curve (column 10, NCA') is slightiy
worse, especially for low frequency noises (noises 1, 2,
and 3).

However, when compared to the old A weighting
(column 5) or the old NCA (column 8), the new SI (or A')
and NCA ' predictors are better, especiallv ~- high fre-
quency noises (noises 15 and 16).

On the basis of the theoretical improvements in
measuring speech interference shown in table 1 and figure
3, an SI filter was constructed and added as an external
filter to a Bruel and Kjaer model 2203 SLM. Figure 4
shows a comparison of the A weighting and the SI weighting
on each of the 1§ equally speech-interfering noises. As
would be predicted from tabie } or figure 3, the differeancsz
between the two weightings is greatest on the high frequency
noises {14, 15, and 16) and next greatest on the low fre-
quency noises (1, 2, and 3).

Field trials on U. S. Navy ships are now in progress
to determine if the new Sl filter is sufficiently superior to
the A weighting network in rating the capabilities for speech
communication in noisy spaces to warrant its more general use.

«‘«‘iz




S

Y Ve

SHIP RUMBLE

BLOWER GRAB ENGINE

GENERATOR

L

A )

BLOWER AND HULL

ARRESTING
GEAR

A

-

A

St

A

S1

A

. .Sl
. .

AIR GRINDER

Figure VII-4.
fering noises as seen via the A weighiting filter
network and the new SI weighiing fililer.

-

ENGINE KGOM

X1 IDLING

<qarasd S T

Tracings of 16 egually speech~inter-

Vii-13




Vi-14

IJYYY P W O

SUMMANRY

This paper has atiempted to delineate three different
methods of rating ncises. The three basic methods are:
Sound Level Meter (SLM) readings using various frequency
weighting networks; Noice Criteria Contours, where spectral
peaks of noise become tangent to one of a famiiy orf rating
curves; and average-level methods, the Articulation Index
(AI) being the most sophisticated method and the Speech
Interference Level (SIL) being the simplest to use.

Based on the data of Klumpp and Webster (2), a
3peech Interference curve (SI-7C, figure 2} was evolved.
When this SI-70 carve was used as a frequency weighting
network in a SLM, or as a noise-rating curve, or as a
curve-fitting method of arriving at an SIL, it greatly reduced

the spread of scores among the three measurement methods

over the 16 equally speech-interfering noises of Klumpp
and Webster (2).
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GENEPRALIZED SPEECH INTERFERENCE
NOISE CONTOURS

J. C. WEBSTER
U. S. Navy Elecironics Laboratory, San Diego, California

Based on an extensive literature review of the effects of noise on speech intelligibility,
a series of noise rating curves are developed. These Spesch Interfercnce {SI) coatours
are intended to bridge the gap betweer: (1) Noise Criteria (NC) and Alternate Noise
Criteria {NCA) curves used to rate the suitability of offices, and {2) 2 Spezch Inter-
ference {S?) noise rating curve that predicts the effects of higher level noises on speech
inteliigibility. The highest SI contour (S1-80) has a minimum 2t an octave level of 50
dB at 800 cps and is steeply zloped both above and below 800 cps. The lower levei SI
contours have minima st increasingly hizher freguencies aad have steep slopes for fre-
quencies below the minima but grzdually level oF 2t the frequencies abcve the minima.

In another paper, Webster (1964) bas developed a speech interference con-
iour that best predicted the speech-interfering properties of the 16 equally
speech-interfering noises described by Klumpp and Webster (1963). It is the
purpose of this paper to generzlize this single contour iato a set of contours
at higher and lower decibel levels. Ideally, these contours wili extend the upper
range of Beranek’s {1957) Noise Criteria (NC} and Alternate Noise Criteria
(NCA) curves for rating “. . . the maximum noise level at which office per-
sonne! feel they can accomplish their duties without loss of performance.”
Working spaces exist that exceed Beranek’s (1957) maximum contour (NC or
NCA-76) and that very often exceed his recommended maximum of NC355.
The rationale for developing these contours is that in certain spaces, certainly
ccatinue, inciuding voice communicetions. In these areas the major criterion
must be 2cceptatle speech intelligibility with hittle or po regard for loudness,
annorance, or comfort. To rate these spaces, therefore, conteus based on
comfort and speech communicaticn performance must drop the comfort (loed-
ness znd znmoyance) 223 bese the rating and evental acceptence only cn those
aspects of noise ot z8ect speech intelligitality.

The contours to be developed then will idealls briage the gap between (1)
Berand’s {1857} NC and NCA curves that rate rooms oa ail aspects of noise,
and {2) Webster's {1964) speech-interfering (51} cuoxar developed to predict
the effects of noise upon speech inteBligibitity. This will be accomplished by
utilizing the re<uits 6f an extensive liferature survey of the effects of roise and
frequency bandwidth on speech intelligibility.

LITERATUYRE SURVEY

No discussion of the effects of varicus frequency regions of noise ypon the
masking of specch would be complete without considering the data of Miller

Repainte from the Joursal of Spoadh end Hesring Ressarch
Jeoe 1958 Vol 7. No. 2

A CONTRIBUTION OF THE NAVY EL‘:C'I'RQNICSS1
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(1947). He used a broad-band {20-4000 cps) noise and eight narrow bands
of noise covering the range from 135 cps to 4000 cps. He found that as com-
pared to the masking done by the broad-band noise, (1) the low-frequency
noise bands did virtually no masking at low levels and were very good maskers
at high levels, (2) the high-frequency bands of noise were very effective
maskers at low levels but didn't mask much more as the levels increased, and
(8) at moderate to high levels, bands below 1500 cps and especially those
below 1100 cps masked speech considerably better than those above 1300 cps.
His results can be summarized by saying that as the level of noise increases,
or as the S-N (Speech-to-Noise) differential decreases, the masking effective-
ness changes from kighcr frequency bands to lower frequency bands.

Miller's (1947 lowest band vvas from 135 to 400 cps. Dreher and Evans (1960-
61) found that 2 masking band of noise from 50 to 300 cps never did decrease
the inteligibility of specch, even at levels where a band fron: 600 to 4800
cps masked speech phrases completely. They did find, however, that the 30-
300 cps bund, when added to the 600-4800 cps band, caused an additional
amount of deterioration in speech intelligibility.

Pickett and Kryter {1953), using sloped broad-band noises to mask speech,
found some evidence to support Millers (1947} findings based on narrow
bands of masking noises. They found (see Figure 8 in Pickett and Kryter,
1955) that “Jow-frequency (LF) noise™ (*. . . —7 dB/octave at the low fre-
quency end to —12 dB/octave at the high end . . . [as measured in octave-
band, not spectrum, levels]”) was not very effective in decreasing high levels
of intelligibility but quite effective in further decreasing low levels. Similarly,
they found (Figure 4, Pickett and Kryter, 3955) that ‘high-frequency (HF)
noise” (“. . . clope of the HF . . . noise spectrum increased from 43 dB/octave
to +5 dR/octave as frequency increased . . .”) was quite effective in de-
creasing kigh levels of intelligibility but relatively less effective at decreasing
lower levels.

Egan and Wiener (1946), doing the reverse of Miller (1947), found what
bandwidths of speech were important to make speech inteliigible in broad-
bard ncises. Their data, which are summarized in Table 1, show that when
speech is bandpass-filtered in broad-band noise. there is a frequency some-
where between 1100 and 2000 cps that is essentially the center or important
frequency. As the width of the speech passband is increased more or less
symmetrically around these center frequencies, intelligibility likewise increases.
In general, the wider the band in oclaves the better the intelligibility. For

examaple, if 2600 cp: is subtracted from the top end of the 550-6 500 cps band,
the intelligibility of the new 550-3900 cps band drops a measurable amount
{and the tetal bandwidth decreases from 336 octaves to 282 octaves). If
the lower end of the band is extended downward by 210 cps (340 to 3900
cps), the intelligibility and the Sendwidth in octaves is again approximately
equal to the original 550 to 6500 cps band even though the bandwidth in
cycles has been reduced from 3950 to S560 cps.

134  Journcl of Specch czd Hecring Rescorch 7 133-140 1954
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Tasir 1. Intelligibility vessus Bandwidth (from Egan & Wicrer, 1946).

Word Intoligibility Band Band Bandwidth
o Extent Center
70 ot hfg’l ¢z at low Rel Rank X
S-N calues  S-N calues in cps in cps in cps  in oclaves
88 63 1 130-9 200 1093 9070 6.14
. 81 46 2a 550-6 500 1920 5950 3.58
79 50 2b 540-3 900 1150 3 560 352
= 77 22 3 5503900 1460 3350 £82
y 2 . 70 30 4 550-2500 1170 1950 2.18
= 63 25 5 8703900 1840 3030 216
=5 3 18 6a 870-2 500 1480 1630 152
E= 44 22 6b 550-1 500 908 930 145
&= 2 12 7 13003100 2007 1800 125
A 22 10 8 §0-1500 1120 630 6.79
>3 20 3 Ga 1 300-1 900 1580 600 0535
&7 18 6 b 18002500 2120 700 047
%,v It is interesting to note that in the three cases where the bandwidths in
o= octaves were approximately equal /2a versus 2b, 4 versus 3, and 6a versus 6b}
%«: the bandwidth with the lower center frequency was more intelligible at low
g% S-N values and in two of these cases (2 and 6) the reverse was true at high S-N
& values.
So the intelligibility of bandpass-filtered speech in broad-band noise increases
as the width of the speech band increases in units of octaves around z center

frequency of about 13500 cps. This center frequency can be as low as 908 cps
for bad conditions of speech in ncise to a frequency as high as 1320 cps for
good conditions.

Some generalizations seem evident from the data of Miller (1947) and Egan
and Wiener (1946). For speech to be very intelligible (80%, nonsense syllable
scores) in broad-band aoise, the speech passband should be about 35 octaves
wide and centered scmewhere between 1100 and 2000 cps. Twenty per cent
nonsense syllable scores remain for bandwidths between 0.5 and 0.75 octaves
it centered between 1100 and 2000 cps. Low frequency bands of noise {below

)

%ﬁ; 1100 cps and in bands of 1.6 octaves or less) do not mask broad-band speech
%; well until they become relatively loud. High frequency bands of noise (above
= 900 cps and in hands of Q.75 cctaves or less) mask broad-band speech some-
= what at very low levels but do not mask speech appreciably more as the
= noise levels increase. At low inteliigibility levels (less than 40%, PB scores),

Ezzgjz'i

namrow bands of frequeacies above 900 cps (especially above 1300 cps) do
== no additional masking whereas narrow bards of frequencies below 1190 cps
=2 (especially below 700 cps, but, according to Dreher and Evans, 1960-61, not
below 3C0 cps) do an appreciable amount of masking.

Can these trends be found in the data of others? The trends being that (1)
a sufficient bandwidth for speech in noise is 3.5 octaves from 340 to 3900 or

WessTen: Speech Inferference Ncise Contours 135
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550-8 500, the center or important frequency being between 1100 and 2000
cps; (2) small amounts of high-frequency noise deteriorate speech intelligibil-
ity somewhat and greater amounts do no further damage; and (8) small
amounts of low frequency noises won’t deteriorate speech intelligibility at all
but greater amounts can obliterate speech intelligibility.

The Articulation Index (Al), which is a measure that takes into account the
difference in the spectrum level of speech and of noise over 20 contiguous
frequency-limited bands, each of which contributes equally to speech intelligi-
bility, yields a number that is a function of speech intelligibility. The AI as
calculated by the Beranek (1947) method, see Kryter (1962a), confirms the -
bandwidth requirements for speech in unoise; that is, the 340-3900 cps band
contains bands 2 through 18 of the 20 bands and the 550-6 500 cps band con-
tains bands 4 throug: 20. Both bands include 17 of the possible 20 bands and
would therefore yield an Al score of 0.85, which, according to Kryter (1962b),
would permit a PB word score of 95%,. Krvter (1962b, Figure 1) also shows that
speech in the bands 0-600, and 1 200-2 400 cps is just as intelligible in the quiet
as is speech in the bands 0-600, 1200-2 400, and 4 800-9 600 cps. This indicates
that speech frequencies above 4800 cps do not contribute appreciably to
intelligibility if there is sufficient speech energy in frequencies below 2400
cps. In the same reference Kryter (1962b) shows that any bandwidth reduction
within the 1200-2 400 cps band reduces intelligibility appreciably, especially if
the 0-600 cps band of speech is also eliminated. Kryter (1962b) fournd, as did
Egzn and Wiener (1946), that nonsense syllable intelligibility stays relatively
high (60%,) if only speech in the 1200-2400 cps band is passed. Unlike Miller
(1947), Kryter (1962b) found that a band of high frequency noise (2 400-3 400
cps! does decrease intelligibility with increasing level even if the speech has
already been low-passed at 1700 cps. But like Miller (1947), he found that
increasing levels of low-passed noise (200-1100 cps) decreased intelligibility
to lower levels than did the high-frequency band of noise even though the
speech was already high-passed at 1700 cps.

In another paper, Kryter (1960) presents more evidence on the important
frequencies for speech when masked by noise. He was locking for three bands,
each 500 cps wide, that would pass speech with maximal intelligence (and
naturalness). He found that the lowest band should be centered at 500 cps (to
750), the next at 1750 =250 cps, and the third from 2500 cps (to 3000). In
comparative tests using bands centered at 500, 1500, and 2500 cps he found
the intelligibility to be better than when using contiguous bands of 1500 cps-
width, geometrically centered at either 400, or 1000, or 1580 cps. But he also
found that among the 1500 cps-wide bands the one from 100 to 1600 (center
freq. = 400) was appreciably better than the higher-centered one at 500-2 000
cps which was in turn better than the band from 1000 to 2500 cps. The
superiority of the 100-1600 cps band wa> especially evident at the least
favorable (zero) speech-to-noise condition. This low band is four octaves wide

(as compaied to 2, and 1.32 octaves for the higher bands), but if the data of i
138 Journal of Speech and Hearing Research 7 133-140 1964
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Egan and Wiener (194€) are correct, the lowest 1.75 octaves, if not the lowest
two octaves, could undoubtedly have been eliminated without any undue loss
in intelligibility.

Pollack (1948) also has some data which show that the intelligibility of
speech in noise is actually increasec! slightly if the speech frequencies below
350 cps are eliminated. He also confirms that speech frequencies above 3950
cps add no more to intelligibility. Pollack (1948), who selectively high- and
low-passed speech in noise backgrounds, found a “ . . shift in relative contri-
butions to intelligibility from the low frequencies at low intensity levels [and
low intelligibility scores] to the high speech frequencies at high levels. . . .”
He found this shift “. . . by noting the frequencies at which one-half of the
maximal contribution to the articulation index was made.” These midpoints
are, according to Pollack, “. . . 800, 1010, 1300, 1430, and 1620 cps . . . for
levels of 4+10—, 4-20—, 4-30—, +-40—, and +4-50—db orthotelephonic gain,
respectively.”

Dyer (1962), doing the reverse of Pollack (1948), namely, filtering the noise
around a broad-band speech sigral, found, like Pollack, that as the speech-to-
noise differential increased, the frequency that divided the high- and low-
passed noises into equal speech-interfering increments increased from about
1000 to almost 2000 cps.

If any generalizations can be made from the literature cited, they are:
Speech frequencies below about 350 cps and above 39C0 cps are relatively
unimportant to the intelligibility of speech in noise (Egan and Wiener, 1946;
Kryter, 1960; and Pollack, 1948); according to Dreher and Evans (1960-61),
noise frequencies below 300 cps are very ineffective in masking speech at
tolerable listening levels unless higher ncise frequencies are also present;
according to Miller (1947), noise bands above 2400 cps are very ineffective in
masking speech; Kryter (1960) states that the most important narrow bands of
speech energy are centered at 500 (to 750 cps), 1750 =250 cps, and 2500 (to
3000 cps); Kryter (1962b) also states that any decrease in speech bandwidth
in the 1200 to 2400 cps band reduces intelligibility; the most important mid-
frequency in broad-band speech, according to Egan and Wiener (1946), is
somewhere between 1100 and 2000 cps and the bandwidth required for high
intelligibility is about 3.5 octaves; Egan and Wiener (1946) also state that at
good speech-to-noise conditions (at high levels of speech inteiligibility) the
important broad-band center frequency is around 2000 cps and frequencies as
high as 6500 cps may be important; as the speech-to-noise corditions deteri-
orate, the important mid-frequency shifts down to around 1060 cps and fre-
quencies above 3600 cps are ineffective (Egan and Wiener, 1946; Kryter, 1960;
Pollack, 1948; and Dyer, 1962).
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Ficune 1. Speech interference noise rating contours.

SPEECH INTERFERENCE (S1) CONTOURS

The remaining SI contours (SI-50, 60, and 80) in Figure 1 were drawn relative
to the SI-70 contour on the basis of the above observations, which are quanti-
tative as regards frequency but only qualitative as regards sound pressure
levels. The SI contours show (1) a gradual shifting from a minimum of 830
cps for SI-80 to 2000 cps for SI-50, (2) an increasing disregard of bigh fre-
quency ncise components from NCA-40 through SI-50, 60, and 70 to SI-80,
(3) a sudden disregard of low frequency noise componcrts from NCA-40 to
SI-50, then increasing concern for low frequency noise for the contours SI-60,
70, and 80. These contours are developed on the basis that for levels of noise
below the NC-30 contour, comfort, annoyance, and purely aesthetic values
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govern the use of a room. At NCA-40, Beranck (1957) states that all due allow-
ance is made for the difference between loudness and speech interference,
'nd above NCA-40 the environment is admittedly adverse and specch inter-
ference alone is hypothesized to be the determiner of acceptance.

In this regard it is interesting to note that in specifying the comfort of air-
craft cabins (propeller-driven), Lippert and Miilier (1951) defire as “idcally
quiet” a noise spectrum that becomes tangent to the SI-70 contour {between
500 and 1000 cps}. This spectrum is at least 15 dB above Beranek’s (1957) NCA
contour of 55 which he describes as “Very noisy; office environment unsatis-
factory; . . . Not recommended for any type of office.” Here is a case, and there
are others, where the adaptability level of humans comes to their aid. A noise
level that makes offices “unsatisfactory” is 15 dB less intense than a mnoise
judged to be “ideally guiet” in airplane cabins. Lippert and Miller (1951) define
a second contour exactly 20 dB higher as “quasi-comfortable.” This letter level
is 35 db  “ove Beranek’s “uusatisfactory office.”

It is this adaptability feature of human behavior that gives rise to the
rationale behind the discontinuity in the contours between NCA-40 (where
comfort is of importance) and Si-30, and on through the SI-60, 70, and 80
contours, where the important aspect of the noise is its speech interference
properties, not its loudness, its annoyance, nor its habitability and comfort
properties.

SUMMARY

Because people do work, travei, and even go for entertainment (night clubs)
in environments where noise levels greatly exceed “satisfactory office standards,”
it was thought desirable to extend Beranek’s (1857) Noise Criteria (NC) curves
to higher levels. In this extension, aspects of comfort. loudness, and annoyance
are not as important as aspects of speech intelligibility. Therefore, a series of
Speech Interference (SI) Contours have been developed based on what is
known from the literature on the intelligibility of speech in noise.

These SI contours, which actually constitute the summary of this paper,
show (1) an increasing disregard for high frequency nocise components as the
noise increases frem levels of 40 dB to 80 dB (as estimated by an A-weighting
network of a sound level meter), (2) a sudden disregard of low frequency
noise componerts as the noise level passes 60 dB(A) and an increasing concemn
again for A levels above 80 dB, and (8) a shifting of the major concera for noise
components ventered at 2000 cps for A levels of 40 dB and below to com-
ponents centered at 1000 cps and below in noises with A levels of 70 dB and
above.

The opinions and assertions contained herein are the private ones of the writer, and are not
to be construed as official, or as reflecting the views of the Navy Department or the naval
service at lazge.
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Relations between Speech-Interference Contours and
Idealized Articulation-Index Contours

J. C. WeBstER

U. S. Nazy Electronics Laboratory, San Diego, Cdlijernia
{Receivad 22 November 1963)

A comparison is made hetweea speech-interference (ST} contours {developed from the speech-interfering
properties of a representative sample of industrial (Navy) noises] 2nd a set of articulation-index (Al) con-
tours tased on theoretical noise spectra encompassing the most-extreme spectra found amoeng reai noises.
At a level of roughly 70 dB [as based on a speech-interference level (SIL) or dacibel average oves the octaves
centered at 509, 1000, and 2000 cps], the ST and AT contours agree very well. At lesser levels of noise, the SI
and Al contours pusposely diverge because tke SI contours were developed to dridge the gap between noise-
<riteria (NC) and alternate-noise-criteria {NCA) curves (dev by Beraaek to rate both the annoying
and speech-interfering zspects of office noises) and the basic SIVC (SI at 70 dBj carve. The complete set of
AT contours points up, as do the SI contours, that as the ambient noise increases the importance or pivotal
frequency shifts downward from around 2000 to around 1000 cps. The pivotal frequencyisthe frequency that
divides the speech bandwith into two halves, each of which contributes equally to the total intelligibility.

Some potential uses of the basic ST contour (S170) as a filter network in a sound-level meter are discussed.

INTRODUCTION

N an attempt te summarize the results of studies on
equally speech-interfering noises,’* a -inter-
ference (SI) contour was developed3

This SI contour, a U-shaped contour centered at
70 dB at 1000 cps, shows the levels of noise in octave
bands that best summarize the spectrum and levels
of the original 16 equally speech-interfering noises.

In order to generalize this contour to lesser levels of
noise, two contours centering on levels of 60 and 50 dB
were interpolated* between this countour and the 40-dB
alternate-noise-criteria (NCA) contour of Beranek.®
And, to complete the generalization, a contour centered
on 80 dB was extrapolated. The generalizations repre-
sent an attempt to integrate the data on the 16 equally

-interfering noises with other published dats on

1IR.G. and J. C. Webster, “Physical Measurements of

%m.ﬂysm-nwfmngl\ avy Noises,” j. Acoust. Soc. Am.
1328-1338 (1963)

’] C.g’;‘hs';r_and %{G g “Articulation Ingae;m!
Avcnge -e-Fitting Methods Ptedxcthpeechn! ez-
ence,” J. Acoust. Soz. Am. 35, 1339-1344 (1

3].C. Webstcr, “A Speech Interference Neise Ratmg Contour”

(to be g.l blisked).
m’&n iy 133-11%”({196;) Neise Con-
tours, earing Res.
SL. L. I Beransk, “Revised Criteria for Noise in Buildings,”
Noise Centrol 3, No. 1, 19-27 {1957},

the masking effects of noise on speech. These other
studies are cited and interpreted in Ref. 4.

All of these SI contours, labeled SI80, 70, 60, and 30
are reproduced in Fig. 1. The SI contours at 80 and 70
dB represent the maximum octave-band levels of
equaily speech-interfering, quasi steady-state noises
whose average level in the octaves centered at 500,
1000, and 2000 cps is approximately 80 and 70 dB,
respectively. The SI contours at 60 and 50 dB represent
a compromise between maximum octave-band noise
levels for equally speech-interfering noises and for
noises acceptable for office environments, where factors
such as loudness and annoyance as well as
intelligibility are important. The complete set of SI
countours bridges the gap between speech-intelligibility
predictors—especially the articulation index (AI)—and
the noise- and alternate-ncise-criteria (NC and NCA)
curve that rate the acceptability of work spaces where
speech intelligibility is but one of the important factors.

The rationale for the ST contour at the 70-dB level
{and, subsequently, the generalized SI80-, 60-, and
S0-dB contours) is detailed in Refs. 1-3, where it was
pointed out that there are three ways in which noises
have been rated in the past: (1) by measurement with
frequency-weighting networks in scund-level meters,
(2) by fitting the peaks of plotted noise spectra to
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1663 ARTICULATION-INDEX CONTOURS

families of noise-rating curves, and (3) by band-level
averaging. It has been shown? that, if the SI70 contour
is used as 2 frequercy-weighting network (where it
need be inverted), as a noise-rating curve, and as a
weighting curve for calculating speech-interference
levels (SIL’s), the three methods give very similar
results in predicting the speech-interfering properties
of the 16 equally speech-interfering noises of Klumpp
and Webster.!

This paper shows the relationships between the SI
contours and a set of generalized AI contours, and
discusses some of the merits, limitations, and uses of
both the SI and Al contours.

1. DEVELOPMERT OF IDEALIZEL ARTICGLATIONR-
INDEX CORTOURS

In a recent paper by Cavanaugh efal *{(CFHV) the es-
sentials of the Al are displaved in 2 manner that makes
calculations and manipulations relatively easv:“. . . the
usefu) speech signal is shown as a dot field beginning at
200 cps and extending to 6000 cps. Each dot signifiesa
possible 1%, contribution to the articulation index. The
field is 30 dB ‘Ligh’ and the greatest density of dotsisat
2000 cps. The dot field is drawn ior an average talker
using ‘conversationai’ speech 2ffort” (Rei. 6, p. 481).

The CFHW plot, which they plotted in third-octave
bands, has been redrawn on the basis of cctave bands
m 57 2. Jlse 'n Fig. 2 are drawn a series of contours,
in 5-dB steps, of the idealized spectrum of a thermal
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Fic. 2. Al speech region for “oonversationalJeved™ The

number of dots in {-octave band siznifics the réative con-
tribution of speech In that band to the AL 3 serizs of ideabzed
therrmal notses with —6-dB/oct spectra are drawn in 3€B steps.
The number of dots above each noise contour is proportional o
the Al of conversational-devel speech in that level of noise. {After
Cavanmargh ¢ oL Fig. 53]

noise with a minus 6-dB/oct spectrum siop.. The
number of dots between each two adiacent contoursis
proportional to the difference in Al It will be poted
that at an over-all level of 88 dB the Al eguals zero.
The 88 dB is derived by assuming that the noise band
includes the octaves ceniered at 125, 250, 500, 1000,
2000, anc 4000 cps and that the over-all leve! of 2 TNG
noise is 3 dB greater than the ievel in the octave with
the greatest level—in this case, the 125 cpsoctave. Als
of 0.2, 0.5, 0.8, and 1.09 occur at over-all levels of 77,
68, 38, 2nd 48 4B, respectively.

A similar relaticn between over-all leveiand Al can be
determined by using the metiod showa in Fig. 2 with
idealized noise-spectrum slopes ef =6, —9, and —12
dB/oct. From this type of information, Fig. 3 has been
compiled. Figure 3 is a plot of the Al versus over-all
noise level for varicus theorztical noises. Three different
over-all bandwidths of noises are ploiteéd on the
abscissa: (1) to the extreme left is the over-all level
of noise in the octave bards centered at 125, 23¢C, ---,
4000 cps; (2) in the center is the over-2ll level of noise
in the octave bands centered a: 500, 1000, and 2090
c5s; (3) and at the right is the over-ali level of neise
in the bandwidtk from 600 to 4800 cps {er for octaves
centered at 830, 1500, and 3400 cps).

It is evident from Fig. 3 that, within the genercl
region of Al's from 0.2-Q8 all noises except the
+6-dB/oct noise have the same general slepe of Al
score versus over-ail levels cf noise, regardless of the
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Fic. 3. Al 25 2 functien of the over-all kel of neise for noises
=ith ideabized specirum siopes of —12, —9, —6, &at, and +6
dBfoct {cn spectrum-level iass) or =6, —6, 3 dBfoct (o2
octzve-ivel basik). The over-all Jevels are besed on band=idths
that Include 2t the I£2: 21 the octaves centered frem 125-3000

; cexlor: octaves centzred at 300. 1000, =nd 2000 <ps; and lo
smri;is's- octaves from G0NS03 cps {centered at 850, 1700, and

ps)-

bandwidth in which the overall icvel of nolse is
mzasured. As compared to the other noise Tectra,
the +6-dB/oct noise shows a slover increast in Al
with decreasing level of noise. Datz 6 support this
fact kave been shown by Pickett and Kryvter® in Fig. 1
of Ref. 2, where it can be noied that, for assumed speech
levels of -+ 10 and 420 2bove reference speech fevel, the
Al’s for the predominantiy high-frequency tape of
nolses (tyvpewriter, TN 6, and iet) increase much less
than for the other noises.

It is also immed:ately evident from Fig. 3 that reduc-
ing the bandwidth in which the neise is measured (from
octaves centered at 125, 230, ---, 3000 ops to criaves
centered at 500, 1000, and 2000 cpsj reduces the spread
in the noise levels for an eguivalent Al value. It can
also bz seen that, if predeminantiy high-frequencyr-type
noises (46 dB/oct) are to be induded in any predictive
scheme, the bandwidth ccntered on ociaves at 306,
1009, and 2002 cps is superior to the older SIL-calcula-
tion bandwidth of 6002800 cps. Of course, siroe the
majerity of sveryday noises predomgnate in low-
frequency sounds (are not of the +6-dBfoct type},
the 600- 1o 1890-cps band works well. The results shown
in Fig. 3 suggest, however, that the general rule for
predicting speech disrimination for speech masked by
noise should emphasize thc midinequency regions

71 M. Pickett and K D. Kuyter, “Fredction of Speech Intel-
HgiliSty iz Noise,” AF Cambridge Res. Cir. Tech Repe 554
(Juze 1935).

{octaves centered around 300, 1600, 2nd 2000 cps) and
deemphasize frequencies outside of this region.

The CFHW dot-patiern plot is a method of display-
ing the percepiuaily imporiant part of ihe statistical
aspects of speeck, as formulated by French and Stein-
berg® and by Berarek® from many listening tests. The
importance of the 30-dB dynamic range, the 200- to
6000-cps bandwidth, and the greater contribution to
cpeech intelligibility of speech frequencies around 2000
cps are amply displaved by the CFH dot-pattern plot.
Tke properties of noise that mask speech can be dis-
plaved by plotting in other forms data derived from
plots like those in Figs. 2 and 3.

Figure 4, for example, is 2 plot of the spectra of the
1dealized noises at levels that yield an Al of from 0.00
to 0.05. That is, noises with spectra of —12, —~9, —6,
flat, and -+ 6-GB;oct slopes at the levels shown in Fig. 4
will decrease the intelligibility of conversation-level
speech td 2ero. i the over-all levels are lowered to the
levels shown in Fig. 35, the Al is increased to 0.2, which,
for conversztionallevel speech, would allow 309, of
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Fzz. 4. Scund 2 Jevel in octave bands for an AY betxeen
.00 254 05 for conversztional-ved speeck. The paramster 3 the
s}apecfa‘nm&edmgmmmei—lil, —9, £at, and 46
dBfoct (Sztred on 2 spectrum-deve] basts o« -9, —6, —3, 3-3,
and <9 dB!’oc_z 2s plolted bere on an octaveSovel tasks). The
overall kvel of the noise car be estimated by 248z A5 4B 1o
the greatest octave-band jevel of the +9-dBfoc., 1.0 dB to the
greatest ectavetand jevel of the —~6-dB/oct and 3.4 dB to the
gratsst osve-tend jevel o the =3dB/oct {0 octavelevel
basis) notses. CalanhiSons are tased on the Cavanagsh o olf
dot-patten disphy of the AL Tie SIS0 contour from Fig. 1 has
beea supericmpesed for ease of cormparissa.

*XN. R. Frenth and j. C. Stdcherg, “Faciors Govers e ¢ -
Totcifigihikiy of Speech Soernds,” J. Acexsst. Soc. Az, 19, 99319

(1947).
Deion of Spesh Commmmiqts
Systems,” Froc. IRE 35, SS0-890 (1947), masen
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PR (phonetically balanced) words to be correctly recog-
nized (awoxding to Knyter,” Fig. 4). Similarly, suc-
cessively the levels would result in an AT of
03 (Fig.6),08 (Fig. 7), ard 0.95-1.00 {Fig. 3). Figure
9 is a cornposite of Figs. 4-8, with interpolation, 1o show
the maximum level of noises of various monotonic
spectrum shapes that would yield the designated
AD’s for speech 2t conversation level.

Because Fig. 9 is derived from theoretical and mono-
tonic spectra noises does not limit its application to
tkese kinds of noises. As has been pointed out. eardier
in this series of papers,? to get the best predictive value
out of any set of rating contours, the osatours should
average through spectra thst are irregular in shape.
And, for predicting speech inteliigihility, this average
should center on the octaves centered at 300, 1000, and
2000 cps. A peaked noise spectrum, like voice babble or
3 diesel engine, skould be fitted such that the peint of
the peak overshoots the coatour enough so that the
deviatians of the noise spectrum from the poise-rating
contcur will average zero at the frequencies 300, 1000,
and 2000 cps. When used in this manger, the Al con-
tours in Fig. 9 can be used for noises that occur most
commonly. And, of course, when used in this manner the
contours are actualiy being used as a graphic means of
finding a SIL based on octaves centered at 590, 1000,
and 2000 cps.
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Regardless of the fact that they can be used on most
ncises, the shape of the contours in Figs. 49 are deter-
mined by the spectrum slope of the noises used to
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generate the data. Therefore, it should b= coasidered
whether the —12- to +6-dB/oct slopes encompass most
commonly-occurring noises, and/or what happens to
the cantours if more- or less-extreme slepes are chosen.
The —12- to +6-dB/oct slopes certainty seem tc cover
the maiority of nawrally oocurring noises reporied in
the literature, at least those reported in the refersnces
in this paper. And, except for specific cases of sinuscids
and nammow bands of noise, these spectrum slopes in-
ciude most laboratenv-gensrated nolses.

However, to get an idea of wkat changes in contour
shape would occrr if mereextreme noise siopes were
encomntered, oonsider sume of the detalls in Fig. 5t
which the gamut of slopes is oovered. To define the
Emits: a kigh-frequency or high-passed notse with an
infinite slope (vertical cutofl) would pass vertically
through 2 frequency of 800 ops; an infiitely sloped
fow-passed (low-frogoency) noise would pass throngh
the frequency 2300 ops. That 15, 205, of the dots in the
CFHW dot-pattem plot Bic at or bedow 80 ops or at
cT above 2300 cps. Slopes from roughly =20 20 230
dB/oct center between 1000 and 1236, 2s do the more
gently sloped noises. So it is not so much the siepe of
the noise spectrom but the value of AT that determines
the center ireguency. Of orcrse, ultimatedy it is the
charactersstics of speech that account for this, not s
much the speech spectroos but the xidth {acmlly the
nammonness) of the bands that sentribute sgmaily to the
midBgbifity of speech {the conoentration of dots on
Fig. 2).

On Fig. 9, it is apparent that as the Al increascs from
0 to0 1, the cossover (or minimum value) frequency
shifts from about 630 to about 2300 cps. This again is
not dependent on the limiting slopes of the extreme-
noisc specira. Had the theoretical noises been limited
to flat thermal nolse and —6-dB/oct thermai noise,
the same shift upward would have been evident. Note,
for example, where the “Bat” and “—6” noises cross
on Figs. 5-7, representing Al’s of 0.2, 0.5, and 0.3:
namely, at about 1000, 1500, and 2000 cps, respectively.

Although noises with slopes of 30-30 dB/ect are not
common, noise-induced hearing losses oocur with such
extreme slopes. And high-frequency hearing losses limit
the hearing of low-level high-frequency speech sounds
in much the same way as a high-pessed masking nose.
In Fig. 7, thereiore, 2 series of 3 lines represeniing
noise specira that wouid produce simulated hearing
losses 2t rates of from 30 to 30 dB/oct isdrawn in at the
position in frequency that would comrespond to an Al
of 0.8. A curve represeniing a2 conservative cstimate
of the sound-pressure levels for the threshold of audi-
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bilig* is also drawn in Fie. 7 so that the 30- to 30-
dB/oct slope can be roughly interpreted in terms of
hearing level (i.e., loss from normral hearing). To the
exient that hearing level can be sinmlated by masking
noise ¢f comparable level, it can be seen that the Al
scores of 0.8 can theoreiically be achieved by persons
with (1) normal hearing up io 100 cps and simulated
bearing losses of 15 dB at 2000 ¢ps and 28 dB at 1000
cps, or (2) normal up to 1390 cps and losses cf i0 dB
at 2009 cps and 43 ¢B at 2000 cps, or {3) (by definition)
normal up to 2300 ¢ps and an infnite loss above 2300
ops.

Alsgdrawn in Figs. +-8are the Sl or the NXCA or NC
curves from Fig. 1 that most nearly approximate the
given level of Al Note, for example, that the Si80 and
60 correspend roughly to Al's of 0.0 and 0.5 2ad that
SI70 corr=sponds qrite dosely to an Al of 3.2. The
agreement of NCA40 to an Al of 0.8 and NC30 to an
AZ1.00 is not neariy as goed and it was not intended
that ther should agree. Thxse latter XC ooatours are
for rating the zcoeptabifity of offices swhere speech
intefligibility is onlv one aspect of the toial noise
environment.

In summary, it is quite evident that the SI contours
(derived from experimentsi results) and the Al oon-
tours {derived irom using idvalized noise <p(-cuzand the
CFHYW display of the Al formulation) agree in pany
detaills; the agreement would be improved Ly intes-
posatmg a few more SI contours. This should «ot be toe
surprising, inasmuch as the Al formulation 2 well as
the 31 contouss were based oz experimental listening
resalt:.'fhedﬁgr'tof%. cn'um!dbc:mprorai by
interpolating a {ew morc ccntours in the region detween
the NC30 and the SI6Q contours, by recxploring the
statistics of eccurrence of raturally eccurring noises, or
by essentially rerunning the 16 original Klumpp and
Webster® noises at other levels of specch and/‘or noise
and/or inzelfigitifity. The agreement is not intended 0
be priect in any case becavse the SIS) and 66 mmeurs
a2re meaat to be intepolations between the NC30/
NCA curves {For 2n ideai (\CJD) or nearly ideal
INCAL0) tnvzmnmt] and the SI70 onatour known
10 predict speech imedligibifity well at refatively high
{for offices) noie leveds. However, the agreement, 23
f2r as it now gots, between the Al and S conteurs shows
that the Al formuiation (based solcdy en the fltering of
speecn) does hold within ozriain himitations whea
2pplied 16 neise-wasted speech.

II. DiSCUSSIOX OF THE ARTICTLATION INDEX

The next guestion 1s. “What are the streagths and
weaknesses of ihe AIZ” Knvig™ has shown that,
within the dat2 of anv one experimenter {or any one
group of experimenters), the Al verr aicely takes

=J.C. 135k36er, in Foedirad f Expoimeted Pacins,
&cu:s.ﬁ{}u‘::“ﬁcr & Sams, Ine, Now Yok, 1931),
&t;).z.,p.%.ﬁg.i
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F55. 10 Nensense syfhbdes and PB word scones for given Al's
froms the datz of J. ML Pickeit and I Pelhck [J. Acoust. Soc.
Am. 30, 933963 (1938)1, Krvtes,® Miller [Psychol Bull. 2-§4,
105-129 (1947)1 J. P. Ezanand F. M. Wiener [ f. Acoust. Soc. Am.
18, 435431 (1916)1, «rd French and Sieinberg,t as summarized
5}‘ Eryter®

account of the physical levels of fiitered but ethenwise
unprocessed speech and noise and reduces to cnic param-
eter (Al) 2 monotonic, low-variance, band-limited
predictor of word (or syilzble, sentence, etc) intei-
ligibility. Hewever, he also collects into one paper®
tke data to show that for any given Al the PB werd
score or nonsense-syliable scorz varies over a 0%
range {see Fig. 10).

Eardier, Licklider™ had also summarized the dis-
crepancies between experimeental data and Al pre-
diction; ke stated, “When comparisons were made
beiween two spaech communication systems with
equal {computed) ariiculation irdices, one having
high speech-noise ratio and low bandwidth and the
other low speech-noise ratio and high bandwidth, the
wide-band system usually turned in the better measured
periormance.” Concerning the imporiant, or center,
irequency for high- and low-pasc Ztered speech in the
quiet (which is variously listed as being between 1600
angd 1900 cps and is 1he frequency that divides the Al
inte two equal paris), Licklider reiteraies (from the
data of Pollack®) what hzs already been demenstrated
Ceasiy in this paper and in the Klumpp and Webster
payper,! on which it is based, that, “In the tests in which
masking and filtering were combined, the high-pass
and loa-pess functions dié not show the kind of
sTamelry just desaribed: namely, around 2 certain

= 1. C. R LickBéer, “Thres Avditory Theories,” in Psxialops:
A Q...né'u&:mx,s.xoch,ﬁi {.‘-!cG::z’-ﬂElBoo‘a:CL\,Iac.,
Ne= Yok, 1859)

=’!.Pe§;::k.“‘r:msaiﬁigh?a@sandw*‘as filteing on
e IoBoicEiy of Spoech in Ndise,” J. Acouwst. Soc. Am. 29,
239-266 (1938
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frequency of 160G to 1900 cps. The discrepancy was
marked.” The point of sxymametry shifted successively
dovnward in frequency as the speech-noise ratio
deteriorated. Concerning the relation between AI and
different speech materials, Licklider states, “We have
been assuming that the articulation score for each
category of spcech material had its own fixed relation
to articulation index. ... But when Hirsh, Reyvnolds,
and Joseph!™) plotted their word scores against their
nensense svliable scores, they found that they had to
draw separate curves not only for the various categories
(numbers of syllables) but aiso, within each category,
for filtering and masking.” Finally, concerning the
relation between Al and different spectrum noises,
Licklider quoted the results of Pickett and Kryvter?
to the effect that for four different noises the intel-
ligibility scores for equal AI scores fell along four
differert curves.

Briefly resummarized, the deficiences of the Al are
that: the frequency and level bands are not lincarly
additive [as Licklider™ states, “...short fat (low
S/N, wide bandwidth) regions...vicid higher scores
than tall thin (high S/N, narrow bandwidth) regions
of equal area...”]; equal AI scores vield different
speech scores dependent upon (1) the types of speech
materials and (2) the spectrum of the noise’-*; and
the “importance frequency™ lowers with adverse listen-
ing conditions.B

Although Kryter®™ has added some corrections to
minimize certain of the deficiencies of (and to extend
greatly the usefulness of) the Al, certain deficiences are
still inherent. It is, therefore, not a condemnation of
any proposed system of estimating speech inteliigibility
that it does not agree completely with the Al calcula-
tion. In any case, in the region of 0.2 Al where the 5170
(SI contour at the 70-dB level) was based on direct
data,1? the agreement between Al and SI is very good
{see Fig. 5). Of course, part of the agrecement is because
the theoretical noises chosen to plot the AI contours
(Figs- 2, 4-9) encompass the spectra of the real noises
of Klumpp and Wehster! upon which the basic SI
contour at the 70-dB level (S170} was developed. And
the relatively large discrepancies between the Al and
the SI and/or NC or NCA curves at lower levels of
noice ‘n Figs. 6-8 represent 2 deliberate compromise
betw-cn the speech-interfering aspects of the noise and
its Isudness and annoyance aspects!

II. POTENTIAL USES FOR THE SPEECH-
INTERFERENCE CONTOURS

1t is too early to determine the usefulness and limita-
tions of the SI contours. A few uses have been found.
For example, a frequency-limiting network has been
"X 7. Hirsh, E. G. Reynolds, and M. Josesh, “Tntcliigibility of
Difcxét Specch Materials,” J. Acoust. Soc. Am. 26, 330-339

Hus

( » K).. D. Kavter, “Metbods for the Calculation 2nd Use of the
ArtSicolation Index,” J. Acoust. Soc. Am. 34, 1659-1697 (1962).

built to the inverse specincations of the SI70 contour.
When used in a sound-level meter to measure the 16
equally speech-interfering noises of Klumpp and
Webster) it gave more-homogencous measurements
than anv existing sound-level-meter filter network?
Or, restated, it appears 1o be 2 good network to insert
into a sound-level meter if the SI effects of noises are
to be measured.

A pendl and paper calculation has been made to
determine if this “speech interference” flter used in
conjunction with the already existing “A” network in
sound-level meters might predict the acoepiadility of
the noise environment in a potential office. This cal-
culation used the noises and rationale of Beranek® in
the development of the NC contours. In his paper,
Beranek (Ref. 3, p. 23) concludes that, “A majo-itv of
the [office] personnel object to a noise whose ocutve-
berd levels at the low frequencies exceed, for a given

IL [specch-interference level, decibel average of oc-
taves in the 600- t0 4800-cps ranze |, the values given by
the NCA curves, even when the SIL is low. . _objections
occur whenever the LL-minus-SIL difference exceeds
30 units.”

These observatiors are supported by data in his
Fig. 3 (Ref. 3), which are summarized in this papsr in
Table I, columns 1-3. Column 1 lists Beranek’s 8 noises.
In column 2, a B represents a noisy room “before™
sound treatment; A designates “after.” Columns 3-3
are taken direcily from Beranek’s Fig. 3 and super-
script “a’s” indicate roems judged unsatisizctory hefore
(LL-SIL>30} but satisfactory after (LL-SiL<23),
on the basts of the LL-minus-SIL criteria. In columas 6
and 7, calculations based! on the spectra given by
Beranek® are 1made for A weighting (column 6) and
SI70 weighting {oolumn 7). That is, columns 6 and 7
are the best estimates of what a sound-level meter
using A and SI70 weghtings would have measured.
Note that in general if the dificrence between columns 3
and +—namdly, coluinn 3- is equal 10 or greater than
30, the difierence between colurins 6 and i—narn.sly,
column 8—is cqua!l to or greater than 3. It would appear,
therciore, that if a sound-level meter had twe weighting
networks available, A and SI70, a preliminary judgment
could bz made as to the acceptability of the noise
environment of a room by noting the difierence in
reading between the two.

Beranek (Ref. 5, p. 24) wams, “I1 is wof recemmended
that A-scale readings be used in specificalious because
the same A-scac reading may be oblained for ¢ wide
caridy of skapes of sdectra. Furthermore, tke cight odaze
bands ore necessary in skhe engincering design of neise
conlrol measures and no single number cen substilufe™
By using th: difference between an A and an S170 scale,
some of Beranck's objections to a single number are
overcome. And, since the SI70 scale discriminates
against both low and high frequencies more than the
A sale, some of Beranck’s objections re “... the
same. . .reading. . .for a wide vasicty. ..of spectra. .. ™
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can be discounted. Both high- and low-frequency sounds
are judged to be “annoying,” though they are not
particularly “speech interfering.” There can be no
objection to Beranek’s statement as to the necessity of a
complete eight-octave spectrum for noise-control pur-
poses; but, for preliminary survey purposes, potentially
objectionable ncise environments may be found by
sound-level-meter measurements alone if an SI70 scale
is added (perhaps to replace the B scale).

Beranek (Ref. 5, p. 24) also points out the obvious
fact that “Complaints were also registered (room f)
[Ref. 5, Table: I, noise f] when the LL-minus-SIL
difference was less than 30 units but the SIL [6(: -
4800 cps) exceeded acceptable values.” Noises b and {
marked by superscript b are examples of this, and
acceptable improvements occurred when the SIL values
(column 4} were substantially reduced. The same
improvement could be measured by substantial reduc-
tions in A of SI70 scale readings (columns 6 and 7) or
by an SIi. based on thc octaves 300-2400 cps (column
9).

It is interesting tc note in comparing columns 4 and 9
{SIL’s based on 600-450C vs 300~2400 cps) that on the
average the 300- to 2400-cps SIL’s are 3.25 dB greater
than the 600- to 4800-cps SIL’s, which implies that
“typical” office noises have a spectrum slope (when
measured in octave bands) of about —35 dB/oct in the
speech range from 300-4800 cps. And, significantly,
the acceptable ones slope —4.5 dB/oct and the objec-
tionable ones, —6 dB/oct. This 5-dB difference between
the 300- to 2400- and 600- to 4800-cps SIL is not
typical of all noises. The difference was only 1.5 dB for
the 16 ship noises (Ref. 1, Table 2) but was 2.5 dB
when a weighting was added to correct for how often
the 16 noises probably occurred in a ships’ envirot:ment.

Other comparisons on Table I show the SI70 weight-
ing to read on the average 1.6 dB higher than the SIL
(6004800 cps) and 3.6 dB lower than the SIL (300-
2400 cps), which makes it a pretty good prediction of
the recomunended compromise SIL. based on octaves
centered at 500, 1000, and 2000 c<12

Using the data of Table I as a st approximation for
setting criteria using the A and the SI70 network, it
would appear that the noise environment in an office
will be judged unsatisfactory if the sound-level-meter
reading using the SI70 filter network is 50 dB or abnve

TaBLE 1. Noise ratings in dB for Beranek’s [Nois: Control 3,
No. 1, 19-27 (1957)] eight office noises. LL: loudness level. SIL:
speeca-interference level. A, SI70: calculated sound-level-meter
rmdingf when using an A or an inverse SI70 frequency-weighting
network.

3 4 N 6 7 8 9
LL SIL648 4 A SI70 A SIL3-24

73 42 31s 49 4 5 47
64 41 23 46 43 3 45

9 1
1 48 23 52 50 2 51
62 40 22 45 41 4 45
9 8 7 9 6
64 29 35 41 31 100 38
46 25 2t 30 26 4 30
18 4 11 S 8
59 29 30~ 37 32 S« 3
28 22+ 35 31 4 31
9 1 2 1 3
69 34 35 40 34 6 38
55 31 24 36 32 4 36
14 3 4 2 2
82 S5 27 60 55 s 60
73 47 26 52 48 4 52
9 & 8 7 8
75 41 34 55 4 11+ 5
57 32 23 37 33 4 35
18 9 18 11 16
57 33 22 40 37 3 41
54 30 24 37 31 6 36

3 5 3 6 5

2, -
8
[
e
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» Judged unsatisfactory before and satisfactory after treatment.
b Judged unsatisfactory (because SIL is teo large).

or if the difference between the A reading and the SI70
reading is 5 dB or above.

Until such times as some data are collected, using
the whole series of either the AI contours or the SI
contours for rating noises, no statement can be made
as to their practical usefulness. The value of their use in
better understanding the relationships between noise
spectra and levels and the masking of speech has been
the purpose of this presentation.
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Important Frequencies
In Noise-Masked Speech

Introduction

When is a hearing loss an impairment, a
handicap, or a disability? What is the dif-
ference between impairment, handicap, and
disability ? When is monetary compensation
due if the hearing loss has been caused by
military or industrial noise? These problems
were discussed at the October, 1963, meet-
ing of a symposium sponsored by the
National Research Council-Armed Torces
Committee on Hearing and Dio Acoustics
( CHADBA), which was chaired by Hallowell
Davis,

Many things were discussedd, but Dr,
Davis tried to bring some order out of
chaos by proposing that hearing “impair-
ment” be considered the least noxious des-
criptor and be used to define a “defective
function.” He then defined a hearing “hand-
icap” as being sufficient to “reduce one’s
efficiency in daily living” or put one at a
social disadvantage. And he defined a hear-

-Sulnnitted for publication Dec 24, 1963.
United States Navy Electronics Laboratory,

J. C. WEBSTER, PhD
SAN DIEGO, CALIF
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ing “disability” as the most noxious and
sufficient “to reduce onc's earning power.”

Whether compensation was payable upon
the discovery of an “impairment,” proof
of a “handicap,” or only when a job change
was necessary (“disability”) was not dis-
cussed directly since these were medical
men and audiologists, not lawyers and in-
dustrial (labor-management) representa-
tives.

The question of how best to measure and
quantify the degree of hearing impairment
for speech was discussed loud and long
with two points of view being represented:
the present method, and a proposed change
sponsored by Dr. Karl Kryter.

Dr. Davis traced the history of the present
method of calculating “hearing impairment
for speech” from the average of pure tone
losses at 300, 1,000, and 2,000 cps. The
total history behind this system dating back
to Dr. Harvey Iletcher and Dr. Edmund
Fowler will not be belabored here. Suffice
it to say that the present method was ar-

Vol 80, Nov, 1964
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rived at by the Committee on Conservation
of Hearing sponsored by the American
Academy of Ophthalmology and Otolaryn-
gology  (hereafter referred to as AAOO).
The AAOO committee started on  the
premise that *Decause of present limitations
in speech audiometry, the hearing level for
speech should be estimated from measure-
ments made with a pure tone audiometer.” !

Dr. Kryter presented the data from two
of his recent papers** to support his
reasons for a change in calculation method.
In his recent paper,® Kryter recommended
“that the impairment due to noise-induced
hearing loss for the understanding of speech
be estimated from the average hearing level
at 1,000, 2,000, and 3,000 cps.”” Remember
that the present (AAQO) method uses the
average pure-tone hearing level at 500,
1.000, and 2,000 cps as the basis for deter-
mining impairment for everyday speech
under everyday listening conditions,! for
all types of hearing losses.

Kryter's Rationale

The actual content of Kryter's CHABA
presentation will not be repeated here; it is
well documented in two papers.®?  Only
his hypotheses and rationale will be dis-
cussed.

Kryter's 2 hypothesis is that evidence for
the 500-2,000 cps “fence” is based on speech
threshold tests (usually called Speech Re-
ception Tests and abbreviated SRT),
whereas it is speech discrimination tests

(usually measured with phonetically bal-

anced word lists and abbreviated PB) which
are important. Actually it is neither PD
discrimination nor SRT that is the crux
of the matter, but, as the AAOO committee
states in its report, “[it is] the ability to
hear sentences and repeat them in a quiet
environment [that] is taken as satisfactory
evidence of correct hearing for everyday
speech.” There is no argument that speech
(PB) discrimination at supra-threshold
levels, and especially in a background of
noise, is a far more valid test of speech
intelligibility than is speech threshold, but

IWebster
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neither measures ‘‘everyday speech” in
“everyday conditions.”

Kryter 2 stated that his “. . . recommenda-
tion [of a 1,000, 2,000, and 3,000 cps fence)
has the support of related studies [of Mul-
lins and Bangs? and I'rench and Stein-
berg®] and is contested only by those
experiments [by Quiggle, Glorig, and
Summerfield,® and Harris, Haines, and
Meyers™] in which . ., threshold . . . tests
... for.. . words ... were used.”

The discussion at the CHABA symiposium
took four forms: criticism of Kryter's
paper, presentation of contrary evidence, a
discussion of where on the impairment-
handicap-disability scale the results of all
studies fell, and how indeed does one meas-
ure “handicap” in particular.

This paper is not intended to be a com-
plete transcript of the CHABA symposium
so only two aspects of the discussion will
be pursued: Some general criticisms of
Kryter's experiment and some data of my
own (which were also presented at the
CHABA symposium).

Speech Discrimination vs
Speech Threshold

One of Kryter's major hypotheses is that
B tests are more typical of, or at least
better predictors of “everyday speech in
everyday environment” than are SRT tests.
In a factorial analysis study of speech
perception, Hanley # did indeed find sepzrate
factors for thresholds (including 500, 1,000,
2,000, and 4,000 cps tones and sentences,
spondee, nonsense syllable and PB speech)
and for “resistance to distortion” and for
“resistance to masking.” Both of Han-
ley's “resistance to-” factors included tests
which made “normal ears” hear speech
as it might be heard by partially deafened
individuals. Solomon, Webster, and Curtis ?
also found separate speech threshold factors,
a “distortion or masked” factor, and a
distraction  (selective attention) factor.
Peculiarly enough, the speech threshold
factor included sentences, spondees, and
nonsense syllables but not PB words,
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whereas the masking factor included PB
words, but not spondees (the basis of SRT
tests). Neither tle Haniey ® nor the Solo-
mon, Webster, and Curtis¥ studies had
hard-of-hearing subjects, but the test bat-
teries included tests which temporarily made
normal hecaring subjects hear as if they
were partially deafened i one form or
another.

In studies where both nuriaal and hard-
of-hearing subjects were used, somewhat
different results ebtain. Ross, Huntington,
Newby, and Dixon® studied the relation-
ships between pure-tone audiametric mieas-
ures and PB scores for groups of normal
and sensorineural subjects. They included
tests of difference limen (DL} ior intensity
and frequency but found that “. . . the only
factor which appeared to be related te speach
intelligibility was the extent or configuration
of the hearing loss.” They further added
that “the subjects with aigh-frequency hear-
ing losses demonstrated less relative effect of
noise upon their discrimination scores than
did subjects with flatter pure-tone threshold
configurations.”

Mullins and Bangs*® coivelated some
measure of the neasing levels at 360, 1,000,
and 2,000 cps to PE scores and found a
high correlation. Uniortunately, they did not
currelate PB scoves with the masking index
at 3,006, 2000, and 3,000 cps. This same
stedy did show the correlation between PB
scorzs and 3000 cps to b2 numerically
sighily greater than that between PB and
200G cps. and for this reasen this study is
auetes] by Kryter as supporting the 1,000.
23, 3000 cps fenve.

Neither of these stisdics in them eives sup-
port either the 500, 1,000, =nd 2,000 cps or
the 10006, 2000, and 3.000 cps fence since
within any single set of data the two fences
were not compared to each other.

Efliott * correlated PB scores to many
other audiometric measures iacluding SRT
scores and ihe degree of the difference in
hearing level at adjacent pure-iome fre-
quencies and found that for two of her three
samples “... SRT ... was the best single pre-
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diction of P'B score. ... In the third sample
“. .. PDB score in the non-test ear . . .77 was
pest. Although Fiiott did not correlate aver-
age loss at 300, 1,009, and 2,000 cps or at
1,000, 2,000, and 3.000 cps with PB score in
her original report, she has subszquently
done so.* She Ands that, “Both averages cor-
relate negatively with PB sceres ... (and) . ..
this regaiive correlation is significantly dii-
ferent from zero. . . .” She further finds
that, “Prediction of PR scores for listeners
with normai hearing is not significantly dii-
ferent irom zero for either average.” In
generai there was no significant difference
between the coefficients of PB score vs 500.
1,000, and 2,000 cps and PP score vs 1,000,
2,000, and 3,000 cps. Fer one of her ten
groups, however, a difference betveen 0.66
(PP vs 300, 1000, and 290G) and —0.78
(PB +vs 1,000. 2,000, and 3,000) was sig-
nificant at the .05 level of confidence. There
is here, therefore, a thread of evidence fa-
vering the higher frequency fence.

Critique of Kryter's Data

The Krvter. Williams and Green® paper
on whick Kryter® hases his recemmenda-
tions does make comgp.rable measures. How-
ever, there is one poteatially wezk link in
that paper® which throws an element of
doubt into the generality of the conclusions.

Tke potential weak point in the Kryter,
Wilkiams, and Green* peper has to do with
the correlation technique used in arriving at
the conclusions. A\ correlation ceefhcient de-
pends criticadly on the range of values stud-
ied. It is apparent irom Fig 1 of Kryter
et 21? fwhich 1s reproduced as Tig | in
Kryter®) that both the range of hearing
lossez and the number of cases with large
hearing losses are less at frequencies below
2,000 cps than for frequencies abuve 2000
¢ps. For this reasor: alone correlation co-
efficients between anything and hearing lev-
els of 3,000 cps and above will be numerically
larger than corielations of the same thing
with hearing levels of 2,000 ¢ps and below,
since the magnitude of a proGuct-moment
correlation coctficient reflects to a great ex-
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tent the range and number of cases distrib-
uted throughout the range of measurement.
Thi~ sune reascning could explain the cne
case o of ten in Elliott’s 1= data where the
1,000. 20G0. 3.000 cps correlstion with P'B
score was significantly greater than the cor-
rezponding 300, 1,000, and 2,000 cps cor-
relation.

Kryter ot 22 are aware of this artifact
and they point it cut in comparning their data
to these of Harris et al® who get much
higher correlations between speech thresh-
old tests and the frequencies 300, 1,000, and
2000 «ps than the frequencies 3,000, 4.000,
and 6000 cps. Krvier ¢t al? say, “These
differcnces in resulis could be at least partly
explamad on the basis of differences among
sufrjects . . . for example some of the sub-
jects of Harnis et al © suffered heanng losses
that were more severe than any in our group
of listeners.™

1f Kryvter's recommendation 1= confined to
noisc-induced hearing loss subjects and if
the sample he portravs (in Iig 1 of ref 2)

,'-J‘i'°!t‘f

is typical of noise-induced hearing losses.
then the criticism s not particularly vainl
His method. as he shows, is optimal for the
sampl~ he stedial. But since the methad of
tire AAOO’s Camnmittee on Conservation of
rlearing 1s to encumypass all types and shapes
of heaning loss due 10 any cause, the data oi
Kryter et al® should be generalized with
caution.

Although the Kryter et al? sample may
reflect the distnibution of noise-induced
hearing loss, it does not necessanly represent
the distribution of all kinds of hearing loss.
As a generai sample from which to draw gen-
erai conclusions, it is not weli distributed:
There are essentially four groups: losses of
30 db 2t all frequensies (1) of 300 cps and
above, (2) of 2000 cps and above, (31 of
3,000 cps and above. and (4) of 4,000 cps
and above {or out of the range of interest).
Therce 15 a gaping kole in that no group quali-
fics with losses at 1,000 cps and above. If
such a greup existed. the groups would be
syumetrical arcund the center of the dis-
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pute, namely, 1,000 and 2,007 Then averag-
ing in cither 300 or 3,000 would give some
positive answer as to whether losses at 500,
1,900, and 2,000 cps or ut 1.000. 2900, and
3,000 cps would best predict hearing impair-
nient for speech.

If Kryter's® basic argument is sound,
that speech discrimination is more pertinent
than speech threshold in determining a hear-
ing impairment for speech. it should follow
that the higher frequencies are the more im-
portant ones. But does the dropping of 300
cps for 3,000 ;= really help in predicting
speech discriminztion luss? Note the last col-
umn of Kryter's Table I=: Tkere are essen-
tially two groups of scores, 34 and above.
and 40 and below. The big break in the con-
tinuum of speech discrimination comes be-
tween those groupings. The hearing level
discontinuity that divices those groups 1s at
2000 cps. Both the 500. 1.000. and 2000
cps and 1he 1,000, 2.000. 3000 cps averages
show large changes at this breakover point.

This same phencmenon is evident 1
Knter's Fig 17 To make a good Hpartite
prediciion from graphicil data it is desirable
to have two horizontal fines at different lev-
els (one corresponding 10 accepiable and one
nenacceptable) connected 1 as small a hon-
zoatal spacing az possible by a steeply
sloped line. The choice jwint is essentiaily
the midpoint on the sloped line, and the
steeper the slope the more clear<ut or pre-
cise is the prediction. or decision. On Rry-
ter's Fig 12 it is evident that choosing a 3
db fence at 300, 1.000. and 2000 cps gives
exactly the same prediction as choesing a 13
db fence at 1,000, 2.000. and 3.00C cps. And.
in fact. Kryter = makes this exact same state-
ment when ke writes. “. . . maintaining the
153 db fence and taking hearing icvel as an
average of pure-tone zudingrams at 1000,
2000. and 3.000 ¢ps is roughly equivalent,
keeping speech intelligihility constant. ‘o
measuring the hearing level at 300. 1.000.
and 2,000 cps and lowering the fence by 10
dh, that is, a feace of 5 db.”

Based on the data he shows? his recom:-
mendation could thereiore have equally well
beeri: maintain the 300, 1.000. and 2,000 cp=

ARCHITUESN OF OTOI ARY N4, OLOUY

average but lewer the fence from 15 <db w
3 db, which i< in fact. stated as the Jourth,
or lasi. conclusion on his paper® Bu 1t
should be puinted out again that no obiec-
tive criterion has been mentioned. suggested,
or quoted to cenvert Rryvier's percentage of
sentences-—ur worsis—cerrect to any iocation
0. the impirment-handicap-disability scale.
Until zomeone, or some committee, Gin con-
vert per cent VIVs. sentences, or any oiher
objective spech test to degree oi impair-
ment-handicap-disalaiity, 1t is pointless 16
argue whether the irequencies now usad to
predict sprech threshold from pure tonc
audiometer should be changad. Kryter's own
data show that in aciuality either st of ire-
quencics arc abeut equally good. depending
upcn what decibel level s used. Anv com-
bination of irequenci=s and db leveds tor
losses) converis only 10 per cent of some
type of sjexch currect and not to amy devrer
of mnpainnent-hamdicap-disability.

A real question g1l remains to I an-
swered: When Jdoes a2 heuring impainaom
for speech become a real secial impairment ?
Beasley ** asked prople whether they comsid-
ered themselves to hear nomally, 0 he
shghtly impaired. eic. and then adminisiered
jure-tone audiometer tests. He found ihat
his “minimally immired group” avemgeld
kearing levels of just over 20 db for 300.
1.000, and 2000 = and only jest slighuy
more than that for 1.000. 2609, and 3.000
cps. On further questioning ke found his
minimally impaired group had dificulty =, .
i church, at the theater or in group conver-
saton, but . . a0t ... at dose mange. . . 7
17 Peaslex’s population is tyvpical ef ioday’s
porpaulation, perhaps 2 13 db fence is oo Jow
for a 1060, 2000, and 3000 cps average.
amd me_t certainly a2 3 -ib fence at 300. 1.600.
and 2000 cp= would be o0 low.

If Kryvier's® recommemdation of a 15 db
fence at 1000, 2000, and 3.609 cpr= be con-
siderad for adoption it should be confined to
noise-induced  hearing loss  ases  alone
twhich s what he recommendedy and i
should be kept in mind that “heaning mm-
pairment for speech™ may be definad at 10
fow a level (a man may ix classified 2+ being

ol &6, Noz, 7063
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“hearing impaired for zcech™ who really,
in vu: noisy world, is not sociaily “impaired”™
ur “handicapped™).

Continuing on the Beasley-typre study, Dr.
lev Doerfler and Dr. Grant Fairbanks re-
purtad some preliminary works of their own
at the CHABA sympesium on social handi-
caps as related to some measure of heanng
toss. This is where much efiort is needed at
the present time.

A1 this point n the CHABA svmposium
the present author was invited to present
data showing that if speech 1s masked by all
varicties of noises (-imilar in many rospects
10 speech being heare by people with all types
oi audiograms) 1t 1s the neisc m the octaves
centered a1 3. 1.060. ana 2000 < that
best descnibes the discniminatien joss for
speech. The gist of my talk tollows.

Important Frequencies for
Speech Prrception

If consideraticn is given to generalizing
KRryvter's™ higher-frequency heaning impair-
ment for specch critenia to 20l tages of hear-
g loss cases and in particular if a cAtenion
for calcuiating hearing mjeirment  dor
peeck i3 Jesired that can e genemlized
over mnto the workd of nommnl heanagz peo-
ple in patholegical (noisy) environnwsnts,
then cunsideration should be given fe other
vpes of evidence.

"W

Kiumpp and Webster, 1 a recent series
of papers?*¥* have done esseniizily the can-
ierse of what Kryter et 2i® have done.
Whereas Kovier et al ? gave speech discrimi-
natlen iosts 0 subixas exhibiting vanions
Imited Kimds and degrees of heanng lass
~specira. Kiumpp and Webster * gave specch
discrimmation esis 10 nommzl heaarnng sub-
jocis in 16 diverse kinds of noise. In beth
caso~ subjccts heard speech with qart of us
~pecininn gone, cither because of heariag loss
ar by beng maskad by notse (a rough simu-
latsm of a wcnsorincuml heanng loss).

Tae Krvier €t 2l ® procedure is more di-
rectiv applicable o heanng-impairad pepu-
lations Bt s hmited in that egaal numbers
of ases of all tpes of heanng fosses were

Wbt
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not incinded.  The Klumpp and Webster =
procedure 1> only muitively relaied to hear-
ing-mmpairad populaiions tut does include a
much wider distribution of masking spectra
{potenual simulated hearing losses of all
types). Natstical anazlyses on the Krvter
ct al 3 data descnibe characteristics of awise-
induced hearing loss as measured by sjxech
discrinunation tests. Analvses of the Klumup
2md Webster 1° data descrite charactenistics
oi speech discrimination as inflienced Ly
maskimg moises ¢ simulated heaning Jose:,
There should be. and indeed there are, iy
similanites between the results of the e
basic sets of dzta. Both study the discrimine-
tion of spoectrum-limited speech.

In the Kiumpp amid Webster experimani ¥
each of cight nemei-hanng subjecis fis-
tenad 1 tumn to Rhyme ™ werd lists i ihe
presence of 16 Giverse noise specirs. The
prixedure was to adjust the Ieved of the 10
norses unil cach nuise reducad the porcem-
age of currectly heard wornds 1 0% . The
words were prerocunial and plaved iadk at
a2 consani levdd tof 78 db at 1 mcier frem
the lombspeaker or at the ¢ar of the Bs-
teners. The details of this expeniment arce
deseribad I 2 paper by Kluvuipp and Web-
ster.* but sufidce it 10 2dd here that Rhnvoe
words are a serics of 30 menosvilabic words
Bke: dot. can . .. get. Ead: world kas five
aitermatives (such 23 ol ian, . . . il Zoil
fan. . . . bet. cici =0 that on ibe answer
sheets 1 -0, -2 . . . -21) only the initkal -
somanmt nead be supplisd. Mest of ihe 16
TOBES WeTe Quasi-teady-<iate amd the spc-
72 vanied from a low-irqoencr rumble and
generator hum. {0 jei aircrail noises incled-
ing high-fropeency whines. There was 2
Dyxewriter swamd and 2 multiveice habble.

X

iabomtory-generated thermzi nolses of Gt
specivum and of an meorcasing 6 db o7 o

tave specirum ipredomunanily high  ire-
quency t and of a Jdocreasing 6 db per octane
were also uset  These noises, uniike chinicai
hearing levels. smuliied as many low-
trequency or high-froquency losses as fim

The pumpaese of the origimal papers 1312
was 1o find simple mcans of measuring the
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16 noises which had aircady been adjusted
i level te be equally speech-interfening.
The analogous problem in clinical audiology
wotld be to find the common hEearing level
pattern of a group of cases all of whem
scored 50% on a word list presented at the
sante level to cach of them.

In the first pubiished version of these re-
sults,** it was found that the best simple
measure of predicting the speech nterier-
ence of these noises was to find the level of
noise, measured in @b, in the octaves 30D to
€00, 600 to 1,200, and 1.200 20 2,40 cp= nd
then average these three levels {roughly
amalogous to finding ihe average heanng
ievel at 425, 850, and 1706 cps}. A subse-
quent papesr ¥ found that an average of the
noise levels, in db, of actaves centered 2t 300,
1.000. and 2000 cps was neariy equivzient
to the siightly lower octaves of 425, 850, and
1700 cps !t In both cases these results were
Ixiter than average ievels for octaves cen-
tered at 8590, 1700, and 3.500; or a1 1.000,
2006, and 4.000 cps.

Shewise, 1t was found that the one single
ocave that predicied betier than any other
single octave was the eciave centered at 830
{er 1.009) ops, foflowed in onder by 425 {or
300 ps. 3400 (or 20003 ops. and fmliv
3500 for 4.000) o=

To the extem that the itvel of 3 mzsking
noise in 2 given negion cernespends 0 2
heaning jess n the same segron. the mmpor-
ant ircquencies are W order: 1000, 300,
2000, 2nd 1000 cps. 2nd the average of
N0, 1.000. =nd 200D cps is superior 0 the
average of 1600 2000, 223 1000 ops.

The Importance Frequency in
Speech Percepticn

The center, mid, or mean irequency of
Kryter's® 1,000, 2000, 3000 <ps scheme 1s
1817 cps {cude 7021 of the product ) whereas
the mcan fregmncy of the Cemmitiee on
Corseraation of Hearing scheme 1= 1.000
cps. 1T this midirequency bz called the mest
mmporiant frequency in speech peroeplion,
there s 2 Targe amount of Iiterature on the
subjeci.

ARCHEi: §5 OF OTOLARY NGOLOGY

French and Sitemnberg® using speech in
the quiet and rormal hateners. progressively
high- and later low-jass-filtered the specch
until it became progressivelr less mnicihgible.
This was a discnmination, not a threshold
test. Thoy jound that speech was equaily
deterivrated when all frequencies cither
above or belew 1,900 cps were filterud out.
Or the frequency range 2bove 1,900 ops was
2s important as the frequency rznge belew
1,900 cps. Deranek,!? vsing male voices only,
found ihe cressover frequency o be 1,660
cps under the same quict-fltered-speech
corditions.

Pollack > redid the filtered sprech miedli-
gibility studics but added 2 broad-band noise
badiground and varieé the leved of ihe
speech. He found that the cressover (or
equal imporiancej irequency increased from
8§00 cps for low levels of speedh throogh
1619, 1,300, 1,330, to 1,620 cps for increases
61 10 b m the speech level.

Dver™ domg the reverse oi Pollack
(namdy, filiesing the noise 2round a2 broad
bend speech signzl}. found, fike Poliack, that
23 the speech-to-noise difierentmal increased.
the crossover ireguency increzsed from
abowst 190G ops 10 almest 2000 s

A crossover irequency has bren denived
from the Klumpp and Webster ¥* data and
published along with detadls of ns demva-
tion?® The data In condensed form are
shown in Fig 13, Fig 1 shows the madiad
audiozrams dre 1o the predeminantiy low ire-
guency noises iren Webster 2nd Kiompp®©
The maskad avdiograms are piotied 25 dii-
ferences irom the mesked 2udicgram dee
0 the thermal or fizt neise. bt the nelative
itvels and sSojes are representative of he
noties 25 adiusted o bz egueliv spoxch-
interienng. Fig 2 and 3 show similar plots
(2gzin related 1o the fiat noise masked aadio-
gram) eof the shghtly bow freguency and
neariy dat specima noises. The 2rea endlosed
by the spread of the nolic audiograms m Faig
1. 2. ard 3 1s plotted m Fig 4 2t the top.
At the bottom of Fig 4 are the average
nmaasked avdiegrams of Fag 1. 2, and 3 w0
gether wath the one predommmanty Jigh fre-
quency noe-masked audwgrany. Ghserve in

Al 88 Neo, 7082
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Fig 4 that tsah the prodominentiv high- and
low-frequency potse andiograms amd ke
skiolaly hizh- 2nd bw-ireguency notse 2od0-
grams cross cach other a1 aboat S0 G

Kivier ¥ 2z b some dat2 of spovch
arshkad b notse winch shom 2 low s
over irequmney. If the miommien W his
Fig 2 2nd 3 of ol 22 were mrooandenad o
show the leveds of he nimse specima (m Faz
2. zef 225 pdotind 10 vidd cgaliv spech-
micricrmy scures i ¢ (irom Fiz 3. o
22y ihe we =eplv Sojod nomes 1pve-
dermmniiy high- zmd bev-fregqoency natsess
woald croess 21 2baoast F90 ops and the mare
gezmily slopod high- and dew-frequeng nodse
2t 1300 g

Iz appaars therefore fram the cvadene of
Pollack ™ Dver™ 204 Kizir™ and Wear-
ez and Rinmpp *° tie? noasemasked spech
Las a qosuver o7 InpoTiance fregoeney as
wwuch 25 an octave oweT Rn the Gossover
freguences of Hitered sgweoch n the gt
{French and [ieinberg® and Doranek ).
Both Pedbxdh ™ and Doa @ shew it the

2 3 ]

iToquony 12rics fnen 800 or 1.000 «ps to
1690 or 2000 == as the speech-t0-noic dii-
serenizal incrcases.

These apgerent anwnmiies led 1o further
work on speech intericrence critera, In a
1@per by Webster,' the articulation index
1 Al Gevedopad by French and Sicinberg =
anii 1= 2ppdaton m nuises of vanivus kv
<z ad 10 2 w1 of conicurs which <ems 19
explam what happxens when lisening 1o
speoch In incneasing ieveds of noise (o7 In-
cneasing hearmg dossesy. Fig S shous that as
the Ieved of piase m an ociave band incrcases
¢ amatogous to moncasing hearing losses)y. the
munTmEm pomt of the coniour tint iraces om
2ny one miven artwuiation mdex (A6 kaved
docreases mn frequency. In smple torms. as
the hitening comrlitins get wone imore
nosc oF presurnubly. greaier hearing losses),
ihe mmporiance Intquency geis lower.

in letms oi the engimal argument of
nhether M. 1000, ané 2000 ps midire-
quensy 1000 g or 1000, 2000, aad 3.000

g mdineqoency 1817 s, be wsed a5 a
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basis for predicting hearing impairment for
spreech, the answer seems 0 depend on what
level be chosen as “impaired.” ¥i very hittle
impairment wili be tolerated. say, an Al of
0.60 (sentence intelligibiiity of 98Gc). the
most efiicient method will be an average of
some higher frequencies. sav, 1.000, 2.000.
and 3,000 cps. I a greater degree of impair-
ment will be tolerated, sav, an Al of 0.30
{senience mnzelligibility of 92¢). an average
frequency centered just above 1.000 ops
would be most efficient.

Tce make the pure-tune audiogram aver-
age used to predict hearing impairment for
speech as universal as possibic {to cover
heaning loss and to be compatible with noise
masked speech), it is suggested that Ky
ter's = proposed 1.000, 2,000, and 3000 cps
ience nct be adopted until further evidence
is available. The further evidence should
definitely include a more precise delineation
of whea does a “speech discrinunation less™
become a “hearing impairment for speech.”

Webster

Summary of the Klumpp and
Webster Data

The Kiumpp and Webster 3* data show
that when speech is masked by noise to the
extent that only 30% of initial consonants
oi single words are heard correctiy, the aver-
age ot the levels of noise :n the octaves cen-
tered at 300, 1,000, and 2000 cps predicis
the masking effect of the noise beiter than
averages n any other groupings of ociaves.

The \Wcebster paper® shows that when
speech 1s masked by noise, the irequency
that divides the speech into two band-widths.
vach of which contributes equally iv the in-
telligibility of the speech, changes as the
speech-to-ncise mtio {S/N) changes. At
low levels of 5N the dividing {crossover,
~T unportance) frequency is around 1,000
<ps. As the S/N increases, the importance
Trequency increases to about 2,000 cps.

Conclusion
1 believe that no deasion can be made as
to wkhat 1s the most efficient combination of
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pure-tone losses to predict ability to hear
speech until a point is found that de-
fines some ‘“compensable,” or otherwise
adequately defined “handicap” in the im-
pairment-handicap-disability scale. If the cri-
terion point is close to the “impairment”
end of the scale, then perhaps a center fre-
quency around 1,800 cps is the best pre-
dictor. 1f, however, the criterion point is
defined more in the center or toward the dis-

- ability end of the scale, a center frequency

at or below 1,000 cps would be the best
predictor.

John C. Webster, PiD, US Navy Electronics
Laboratory, San Diego, Calif 92152,
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Specch-intelligibility scores as a function of noise level are studied for face-to-face, sound-powered-phone,
and amplified specch- (carphone and loudspeaker) communication conditions. The speech-interference level
{SIL) for octaves of noise centered at 500, 1000, and 2000 cps (0.5/1/2) is used as the measure of noise level.
By using this noise measure, much of the work in this ficld can he brought together and interpreted. It is
noted that “noisy" and “very noisy"" spaces arc associated with SIL's such that “shouting” or “very loud”
voice levels (or 95-dB speech levels) are required for conversations at 1.5 or 3 {1, and this is the region where
telephone conversations are judged to be “difficult” or “unsatisfactory.” All of these adverse noise con-
ditions occur at the region where ear protection will aid intelligibility and at the boundary where ear protec-
tion should e used to protect against hearing losses. Where people must converse or communicate via some
interior communication device, 0.5/1/2 SIL's above 70 dB should be avoided. At 0.5/1/2 SIL's greater than
90 dB, the wearing of hearing protection should be made mandatory and every noiseproofing technique
(except a noise shield for the microphone) should he employed. At 0.5/1/2 SIL's above 100 dB, every noise-

proofing technique should be employed.

INTRODUCTION

VER the past few years, several aspects of speech

intelligibility in noise have been studied at the
U. S. Navy Electronics Laboratory (NEL). Many
speech-communication equipments and/or systems have
been evaluated for operation both in the quiet and in
noise. Many of these evaluations have come out as
NEL reports'™7 or were published in journals not
readily available.®? Others, especially those dealing with
the noise-attenuating properties of ear protection,!.!t

1], C. Webster and R. G. Klumpp, “USNEL Flight Deck Com-
munications System. Part 2. Noise and Acoustic Aspects,” NEL
Rept. 923 (29 Nov. 1960), AD 260 286.

*W. E. Montague, “A Comparison of Five Intcllig;bility Tests
for Voice Communication Systems,” NEL Rept. 977 (27 June
1960), AD 254 54S.

3 J . C. Webster and R. G. Klumpp, “Evaluation of the AN/PRC-
53,” NEL Rept. 1042 (18 Apr. 1961), AD 260 294,

4 { C. Wehster, P. O. Thompson, and T. H. Wells, “Evaluation
of the AN/PRC-44(XN-1),” NEL Rept. 1058 (30 July 1961).

5 J. C. Webster and P. O. Thompson, “Noise-Proofed Sound
Powered Phones,” NEL Rept. 1073 (25 Oct. 1961).

s { C. Webster, P. O. Thompson, and H. R, Beitscher, “Intelli-
gibility of Amplificd Speech in Helicopter Noise,” NEL Rept.
1080 (7 Nov. 1961). )

7J. C. Webster and R. G. Klumgﬁ, “Technical Evaluation of
the AN/SRC-22 (XN-1) F&gt Deck Communication System,”
NEL Rept. 1141 (15 Oct. 1962). .

$J. C. Webster and P. O. Thompson, “Dynamic or Carbon
Microphone?” Bur. Ships J. 10, 8-9 (14 Sept. 1961),

* J. C. Webster, R. G. Klumpp, and P. O. Thompson, “Capa-

have appeared in available journals but the application
of the results to communication systems need be ex-
amined. In many of these evaluations, the results were
comparative in nature (one system or equipment was
evaluated in terms of another) and no attempt was
made to interpret the results in absolute terms.
Relating the results of these evaluations 1o each other
and o the work of others has been difficult because of the
diverse ambient noises used and the differences in the
way both specech levels and noise levels have been
measured. A recent serics of papers'*'* concerning
methods of predicting speech interference provides a
framework that makes it easier to generalize some of
the evaluative results. It is the purpose of this paper to

bilities of Specch Communication in Noise,” I'roc. Inst. Environ.
Sci., 297-307 (Apr. 1962).

10]. C. Webster, “Ear Defenders: Measurement Methods and
Comparative Results,” Noise Control 1, No. 5, 3442 (1953).

1 J. C. Webster and E. R. Rubin, “The Noise Attenuation of
Selective Ear Protective Devices,” Sound—Its Uses and Control
1, No. §, 3446 (1962).

B R. G. Klumpp and J. C. Webster, J. Acoust. Soc. Am. 35,
1328-1338 (1963;.

1 J. C. Webster and R. G. Klumpp, J. Acoust. Soc. Am. 35,
1339-1344 (1963). .

U R. G. Klumpp and J. L. Leonard, “Observer Variability in
Reading Noise Levels with Meters,” Sound—Its Uses and Control
2, No. 4, 25-29 (1963).

1 J. C. Webster, “A Speech Interference Noise-Rating Contour,”
Acustica (to he published).
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v SPEECH COMMUNICATIONS IN AMBIENT NOISE

summarize capabilities of speech communication in
noise and in some instances to compare the results with
aother studies not direcily concerned with equipment
evaluation.

1. OVERVIEW OF SPEECH INTELLIGIBILITY IN
NOISE

The Rosetta stone that aliows a comparison among
the NEL evzluations and between them and other
studies in the general field of speech intelligibility in
nois¢ is shown in Table 1. Table I is the Rosetta stone
if it is assumed that it is the level and spectral distri-
bution of noise that most affect speech intelligibility.
Factors such as the choice of speech materials, and the
selection and training of talkers and listeners, preclude
making exact compansons.

Table I {and its predecessors, Table IT and Fig. 13
of Ref. 12, and Table I and Fig. 3 of Ref. 15) shows
physical measures, such as an A, 2 C, and a proposed
Si {speech interference)'>® sound-level meter reading,
and speech-interference level (SIL) measures” (at
6004800, 300-4800, and 500, 1040, 2000 cps)® for
noiscs of different spectra that are equated 10 be equaily
speech-interfering. In addition to listing the levels of
different noises that are cqually speech-interfering,
Table T also lists several equivalent measures of any
single noise. [f the specirum of an unknown noise re-
sembles one of the noises in Table I, any single measure
of this noise can be used to find other measures and
thereby facilitate comparing the results of one study or
evaluation with others.®?

With this much explanation of Table I, it is time to
look at the general everview of the various NEL evalu-
ation results. Figure 1, a generalized summary of many
existing studies,!?~372 shows the scope of the problem
of talking and listening in noise. On the ordinate is

1 J. C. Webster, J. Acoust. Soc. Am. 36, 1662-1669 (196%).
The frequency-dependent curve upon which the SI filter is based
is shown in Fig. 2, Ref. 135, or as the 51-70 curve ir: Fig_ 1 of this
reference. To make the filter, the inverse of this SI-79 curve is
used. The 70 refers to the fact that origional curve was based on
noises adjusted in level to be equally speech-interfering at an SIL
level of just ever 70 dB {(see Table I in this paper or Table II,
Ref. 12).

3% L. L. Beranek, “Airplane Quieting 11—Spedifications of Ac-
ceptable Noise Levels,” Trans. ASME 69, 97-100 (1947).

18 S1L.’s are based on arithmetic averages of noisc ievels in octave
hands. The octave bands can be speafied by lower and upper
bzand limits, or by center frequendes. The band centers of octaves
ranging irom 609 to 1800 cps are 850, 1709, and 3400. The baad
iimits of octaves centered at 500, 1000, and 2™ cps are approxi-
mately 350 to 2800 cp=. Because of past {(bandh 1) usage, 0.6/4.8
SIL {not 8.5/17/3%) is used to specify the SIL cafculated from the
octaves 600-1200, 1200-2400, 24003800 And to maintain the
simplicity inherent in its choice, 0.5/1,2 SI: {rot 0.35/2.8) is used
for the Sil. for octave bands centered at 500, 1000, and 2000 cps.

B R. W. Young, J. Acoust. Soc. Am. 36, 289-295 {196%). Young
has compiled a Table similar to Tzble J, associating varicus meas-
ures of noise to idealized noise pectra. Young's Table is not for
tqually speech-intericring noises, but for noises equai on A
weighting, which {or existing sound-level-meter networks is the
hest for predicting speech interference.

Tanig L Levels 1n dB of noises producing 3% scores for
rhy me words.

Noise Sound-level meter  Speech-intetfzrence levels
No. Name C A SI=T0s  0.6/4.8¢ 0.3/1.8< 0.5/1/2¢
1 Rumble (=12) 105 86 83 66 71 72
3  Blower (—9) 92 85 8s 67 2 74
4+ TN-6 87 9 81 69 72 73
e« Helicopter® (82) (82) (30) (73) (72) (74}
9 Babble 81 82 80 75 i3 3
10 TN fiar 8. 82 80 s 3 3
15 TN +6 &8 90 84 89 77 75
16 Jet 94 94 86 81 £0 79
Average 888 £5.0 324 73.2 73.8 741
Range 24 13 6 1S 9 7

e
L, e P ———————

s Culculated (not measured) and equated with “A™ oo noisc No. 3.

t Not in original {Ref. 12) study, equated on “SI1-70™ with noise Ne. 10,

¢ Thes ate band-limiting frequencies: the band center frequencies an
0.85/1.7/3.4 and 0.43-0.85/1.3. .

& These are the center frequencics of octave bands; the band-limiting
irequencics are 0.35/2.8.

plotted percentage of thyme words™ heard correctly
and along the abscissa is the ievel of noise.

The choice of the 0.3/1/2 SIL of an equivalent
—6-dB/oct thermal noise is based on two facts. The
firct is that the 0.5,'12 SIL 1s a reasonable compro-
mise for showing small numerical fluctuations among
the physical measurements of the original 16 equally
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Fic 1. h intelligibility (percent rhyme words correct) asa
function of jet-aircraft idling noise level. On the top abscissa,
neise levels arc listed as measured on the C-weighting network
of a sound-level meter. On the bottom absdssa, the noise level is
listed as the speech interference levei (SIL), based on the octaves
centered at 500, 1000, and 2000 cps, of a minus 6-dB/oct shaped
thermatl neise that is equivalent in its ability to interfere with the
intclligibility of specch to the jet-noise levels listed on the top
chsdissa. Three generic tynes of results are shown: face-to-fice,
sound-powered plione, and amplifice speech. Within the face-to-
face results, the parameter is distance between talker and listerer.
The limits on the sound-powered results aze present-day *‘opera-
tional” equipment (1o the left) and “developmental” equipment
{to the right). In the amplified-speech results, the major parameter
is presence or absence of a microphone shicld. When a shicld is
used, a subparameter is whether or not clipping is used for ear-
phosz listening. \When a shield is not used, the subparamster is
ahether an averags (efti or excellent {right) ezrmufl is used
around the zarphone.

R G, Fairbanks, J. Aconst. Soc. Am. 39, 596-600 (1935).
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speech-interfering noises.’? The second is that the
—6-dB ‘oct noise is 2 reasonabie compromise among
noises to be represeniative of ship roises,? office
noises, > and roises used in laboratery studies of
speech telligibility.

Figure 1 deals with three specific cominunication
situations: face-to-face, sound-powered phone, and
amplified speech. It shows for eacn form of communi-
cation the limiting noise levels for given degrees of
communication effectiveness (percentage of rhyme
words correct). For the majority of the studies sum-
marized in Fig. 1, a single expe.icnced talker and five
experienced listeners were used.® The following three
cections deal in detail with eack communicating situ-
ation : face-to-face, scund-powered phone, and amplified
speech. In each section, repeated reference is made back
to Fig. 1.

ii. FACE-TO-FACE COMMUNICATION

The most satisfactory, but least noise-resistant, com-
munication is face-to-face communication. For these
face-to-face tests, no constraints were put on the vocal
level of the talker. Nor was the talker asked tc maintain
any given ievel of word inteliigibility. He was in the
sime room with his listeners. He could see them and he
could hear the ambient-noise level around them. The
listeners faced the talker but the rate of word presen-
tation was such that lip reading can be almost com-
pletel - discounted. The voice level that he adopted vas
left te his own knowiedge of the test situation.

The liniiting factor in face-to-face communication in
noise is the distance between the talker and the iistener,
since the potential voice level of the talker and accept-
able listening levels are physiologicaily limited. Observe
in the four curves 1o the left in Fig. 1 that at any single
criterion level, sav 709 correct, for each doubling of
the distance between talker and listener, 6 dBless noise
<an be tolerated.

To show how the face-to-face data in Fig. 1 compare
with the extensive work of Beranek,™*= which culmi-
nated in the 0.6 4.8 SIL, note the bars superimposed
at the 85%%, rhyme-werd position between the 0.5 1 2
SIL levels of 48 and 8% dB. For ezse of viewing, the
bars are placed under one ancther ; however, they should
be thought of as being located at, and only at, the 83%
point. The 859, position was chosen because Ref. 24
states that barely reliable conversation correspends to
a PB word score of 75%. And Montague® shows that a
PR score of 755 corresponds to a rhyme score of 83%¢
(and a Harvard sentence®® score of 93%).

n L L. Beranek, J. Acoust. Ssc. Am. 28, 833-852 (1956).

=L L. Beranek, “Revized Criteria for Noise in Buildings,”
Noise Control 3, No. 1, 19-17 (1957). . .

3 K. D. Kryter, J. Acoust Soc. Am. 18, 413417 (1946}.

2 K. D. Kivter, J. €. R Licklider. J. C. Webster, and M.
Hawley, “Speech Cemmunicition,” in Human Exngineering Guide
ts Equitment Desiga, C. T. Morgan ¢ di.. Eds. {McGraw-Hill
Book Co., Inc., New Yosk, 14#43), Chap. 4. p. 179.

= J. P. Egan, “Articulati m Testing Methods,™ OSRD Rept.

The SIL bars represent, frora top to bottom, the
range of noise levels in which conversation can be carried
on when the talkers and listeners are 12, 6, 3, and 1.5 ft
apart. The left end of cack bar represents “‘normal”
voice level, the right **shout”’; equally spaced in between
are *raised” and “very loud” voice levels. It is under-
stocd, of course, that i a *‘normal” level is under-
standabic at any given level of noise it will also be
undersiood at lesser levels of noise.

The SIL bars were placed between 48 and 24 dB by
adding 3 dB onto the levels shown in any Table showing
0.6 1.8 SIL versus distance and voice level (say, Table
4-13 of Ref. 24). This 5 dB accounts for the difference
Hetween the 0.6 4.8 SIL and 0.5 1 2 SIL’s for noises
similar to noises 3 and 4 in Table I. Noises 3 and 4 are
tvpical of the office noises used by Beranek”*'= in de-
veloping the SiL.

The fact that the bars (representing Beranek’s SIL
formulation) are almost exactly bisected by the proper
distance centours (where voice level was ai the option
of the talker} shows that the two sets of data are highiy
compatible.

The maximum noise level in which face-to-face com-
munication is possible can probably be set at about
0.5 1 2SIL of 95 dB. Note, for cxample, the maximum
rating in 0.6 4.8 SIL Tables® is 89 dB (or 94 dB
0.3 1 2 SIL). Or note that Pickett*® states, **The maxi-
mum tolerabie noise levels for 9G5g sentence intelligi-
bility and 1 m between talker and listener were esii-
mated io be 95 dB for white noise [noise No. 10, Table
1] and 103 dB for low-frequency noise.” These over-all
levels, when converted (fron: the spectra given in
Picke1i’s originai paper) to 0.3 1 2 SIL, become 88 and
66 dR, respectively. Picketi's™ conditions were for 2
1-m distance between talker and listener whercas the
0.6."1.¢ SIL Table specified 0.3 fi. But Pickett was using
a highiv trained talker and looking specifically for a
maximum ievel. The (.6 4.8 SIL Table is for average
talkers and listeners.

An extrapolation to Fig. 2 of Ref. 27 also shows an
over-all level of 95-dB thermai noise (0.5 1 2 SIL=87
dB} 1o evoke ike maximum usable speech level frem
talkers communicating at 1 m. Face-io-face communi-
cations were not attempted in levels this high in the data
of Fig. 1. An extrapolation of the “distance-haived™
contours at 859% rhyvme scores at 95 4B 05,12 SIL
shows the permissible distance to be roughly 2.25 in.
All of these values tend to confirm the faci that face-to-
face (actualiv mouth to hearing-protecied ear) com-
munication ceases at about 115 dB(Cj in jet noises on
aircraft carriers.

3802 (1941); PR 22348 Aro published in Laryngoscope 3§,
933-991 {1948).

= J. M. Pickens. J. Acoust. Soc. Am. 39, 278- 281 (19385

£ J. C. Welster and R. G. Klumpp, J. Acoust. Soc. Am. 34,
936-941 {1962).
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IlI. SOUND-POWERED-PHEONE COMMUNICATION

The sound-powered phonc (SPP), us s name implics,
requires no source of external power. I1s sole source of
audiofrequency energy is sound, preferably voice sounds
but also, of course, noise. 1t achieves an orthotelephonic
gain of 20 dB (a gain of 20 dB over the level of a voice
in air at 1 m) by utilizing a resenance phenomenon® to
take full advantage of the existing energy in a narrow
band around 1300 cps. It sacrifices quality (wide-band
freqquency response) for quantity (more speech power
per unit bandwidth). Typical frequency responses of
sound-powered phones® show peaks at frequencies
varying from 800 10 2300 ¢ps, and very littie response at
all beyond plus or minus 1 oct from the peak frequency.

Wiener™ states that *“The rapid decrease in response
above 1300 ¢ps is due to both carphone and micro-
phone. . . . Thedecrease . . . at the lower frequencies
is due mainly to the microphone.™ In discussing whether
improved performance could be obtained by centering
the resonance at another {lower) frequency, Wiener
(based on data of Ezan and Wiener, Rei. 28, S~c. 7.2.4,
but published elsewhere fater™) concludes, == . . . net
gain in performance will result from shift in irequency
. . . only if the orthotelephonic gain or the bandwidth
or both are increased.” Since SPP communication is
inkerently limited by its frequency-response cnaracier-
istics, SPP intelligibility scores for quiet cenditions are
typically between 83¢¢ and 9. PR words correct
rather than between 935 and 10052 as are scores for
broad-band cquipment. Because of this, Wiener™ ques-
tioned (in 1946) ©* . . . whether it might not be more
profitable to abandon ihe sound-powered principle . . .
and install an interphone system using efficient wide-
band instrumenis and clectronic amphiiers.”™ In refuting
his own doubts, Wicner® hisied reasons for the con-
tinued widespread use of sound-powered phones in
Naval ships. He mentioned “reliability™ and the fact
that the sound-powered phone ™. . . performs satis-
facterily under conditions of reiative quiet . . . [and]
. . .isthe simplest [system] possible.” He did, however,
suggest, and made preliminary tests 10 show, the ad-
veniages of ucisc-cancelling microphores and noise
shields for microphones, and the use of better ear
cushions around the earphones. Ali of these schemes
have subsequently been tested and have extended the
potential tse of sound-powered phones into higher and
higher noise tields,

Whether the SPP svstem should remain the mains:ay
of USN ships’ interior commurications in this day of
higher noisc levels (and increasing needs for passing

3 F. M. Wicner, ~Special Voice Communication Systems.”
in Transmission aud Receplion of Sounds uvder Combat Condilions,
C. E. Waring, Ed. Sum. Tech. Rept. Div. 17 National Defense
Rescarch Commiission. Waskhington, D. C.. 19491, Vol. 3, Chap. 12,

21 i. Beranck and stafil of Electro-Acoustic Lab., Harvard
Univ.), “Audio Charxcteristics of Communication Equipment.”
PNR-6 {1 Fecb. 1943, Figs. 16-30.

= J_P.Eganand b. M. Wicncr, J. Acoust. Soc. Am. 18, 433 1
{1915).

more compiex data and information) is a systems prob-
lem beyvond the scope of this paper. The svstem aspects
of the probiem are covered clsewhere® The purpose of
this section of this pap-r is 10 assess the range of neise
levels in which speech communication is possitie, using
sound-powered phones.

+ When the same five listeners and the same talker
uscd in the face-to-face experinent are tested on SPP
cquipment, the SPPP results summarized in the center of
Fig. 1 obtain. With present-day operational, aornoise-
proofed phones, the resulis are no better than face-to-
face communication at, sav, 2 ft (considering the 70
criterion). However, “deveiopmentai™ equipment uti-
lizing noise-cancelling microphones and noise-atteunat-
ing cushions around earphones does extiend usable
communications to neise levels bevond face-to-face
capabilities.

One of the differences between face-to-face com-
munication and a wire-connected system is that in a
wire-connected system each communicator can be (and
usually 1s) in his ewn neise environment. Figure 1 is
based on the premise that both the 1alker and the
listener are in the same noise environment. Figure 2
reflects speech-intelligibiiity results when there are dii-
ferent noise environments around the taiker and the
listener™ Three possible cases are shovn: N-N, N-Q,
and Q-X. In the N -N case, both the talker and listener
are in the noise level shown on the abscissa. These are
the data summarized in Fig. 1. In the N-Q) case, the
talker 1s in the noise level along the abscissa and the
itsiener is in relative quiet (the noise level of the lefimost

OVERALLIC) JET NOISE LEVEL N o8
100 120 120 130 120
120 T T 4 T

Fic. 2. $poech intelli-
gibility tpercent, thyme
words correct; vs jet-
nowse levei for SPP
equipments. When both
the talker and the
listeners are in the noise
levels iisted on the ab-
sassa {(N-X), B refers
to developmental equip-
ment, W to opxrational
vquipment, and A\ to an
average of about 8
equipments (mostly de-
| wveiopmental’. for the
' N-Q and Q-\ condi-
stons, only the average
results are shown. N-Q
means talker in noise,
listeners in quict {noise
so- feve! of leftmost data
poirt.. Q-N is the rc-
verse tatker in “quict.”
Gsteners in noise. The
noise levels ars as in
Fig. 1: ever-all :Ch leveld
of jet noise (top; and G5 i 2 SIL of a —6-db oct noise that is
cvjuivalent to the jet noise in its reech-inietfering propertion
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* J.C Welnter and | B. Heany | Do Sound-Powerad Phances
Have 2 Luture?™ 110 be jublishedy.

% [he data 2rc from Rei. 3 and P. O. Thompson, “Eilcctivencss
of Three Sound Ponerad Tekephone Sets in High-Loved Natse”
N\EiL “wch. Mem. 607 (11 June 1963;.
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data point in each sesies). In the Q-N case, the talker
is in the noise level of the leftmost data point and the
listener is in the noise level shown on the abscissa.

There is, of course, the fourth case (Q-Q) where both
the talker and listener are in relative quiet. This is the
limiting case for each of the cther three cases. In Fiz. 2,
the spread of the leftmost points of each of the average
conditions {8542%) is a measure of the variability of
the experimental data. Note in Fig. Z that, when
averaged over many different (operational and de-
velepmental) sound-powered phones, the highest intelli-
gibility scores cbtain in the N-Q case, then the N-N
case, and the lowest scores s.re for the Q-N case (since
the talker doesn’t “‘speak up” when in the quiet). The
“BEST” results almost always obtain when the latest
and best developmental “noiseproofed” equipment is
tested. The “WORST” intelligibility results are irom
the older operational equipment not designed for use
in high noise levels.

Although all of the data are not duplicated here from
Refs. 3, 9, 32, and 33, some generalizations from the
more detailed data are made: namely, the best deveiop-
mental noiseproofed sound-powered equipment can be
used (709 rhyme words correct) in noise levels of
1134 dB 0571 "2 SIL of —6-dB ‘oct thermati noise (TN-6)
or 135 dB over-all j:t neise if the listener is in a quict
location (N-Q); 94 dB SIL or 115-dB over-all jet neise
when both talker and listener are in noise (N-N);
and 84 dB SIL or 165-dB jet noise if the 1alker is in
the quiet and cannot be induced to literally shout into
his micropkone (Q-X).

IV. AMPLIFIED VOICE COMMUNICATION,
ZARPHONE LISTENING

What about systems utilizing electronic amplification
and, in particular, radio svatems where distance be-
tween talker and listener is of no import ? Several flight
deck radio systems designed for use in high-level noise
have been evaluated, using the same ralker and iisteners
as used in the face-to-face and sound-powered-equip-
ment tests.?** Reference back 1o the right-hand side
of Fig. 1 show, the limiting results of such ialking-
listening tests. Although the details are net shown in
Fig. 1, in general 13 can be said that, when a microphone
is in rclative squiet {or is well-shielded) or when the
listener is in quiet, Le., in Q-N or N-Q conditions,
satisfactory military-word mtelligibility (greater than
706 thyme word score} prevails up to levels greater
than 125-dB(C) jet noise. Only when both ihe ialker
and the listener are in noisc {N -N, the data shown In
Fig. 1) 13 the intelligibility limited by 125-dB{C} jet
noise, and in this casc optimum intelligibility results

® For noize<ittenuation resuits on many of the Riest ear-pro-
tective raufls, s¢e Rad. 11, When used in sound-pewered cquipment,
sce Ref. 32and P. O. Thompson, A ~ustic Aitenuation of Certain
Hearing I'retectors and Sound-Powz:ad Tekphone Seis,™ NELL
Tech. Men. 716 (17 july 1963).

from listening via earphones in muffs as goed as those
with liquid-filled cushiens.!

What techniques, precautions, and circuiury can be
utilized to optimize talking and fistening in noise? The
major objective is 1o maintain a sizeable differential
between the speech signal and the unwarted noise at
the ear of the listener.

To maintain a satisfactory specch-i0-noise difierential
at the input of a communicaiion system operated in
noise, it is necessarv that the talker increase his vocal
output as the ambient noise around him increases. Tests
in noise, with talkers using noise-shielded microphones
and wearing mufis over earphones, indicated that the
level at which the talker hears his own voice has con-
siderable effect on his vocal output.? Resulis for a single
talker showed that maximum vacal output was ob-
tained when no sidetene was provided. As sidetone
level was increased, the 1alker reduced his vocal effort.
Tests with several talkers showed that the intelligibitity
of speech froni talkers in noise did not change signifi-
cantly as sidetone level was varied, excepi when sidetone
was 10 dB over the preferred level. With more than the
preferred amount of sidetone, talkers reduced their
vocal effort, the S-N dropped, and intelligibility was
adverseli affected. Apparently, for less than preferred
amounts of sidetore, gains in speech-to-noise difier-
entials counterbalance any distortion incurred as the
talker approaches maximum vecal effort, even though
Pickett* shows that, other things being equal, intelli-
gibility decreases as maximam vocal efiert is reached.

In radio systems, if the speech is well above the noise
in the received and rectified radio-frequency signal, the
speech shouid be intelligible if the ambient noise leaking
through the earmuffs does not mask out the speech
from the carphones. It would appear thai, if too
much of this roise leaks te the listener’s ears, a satis-
factory § N could he preserved by merely increasing
ihe amplitude of the speech signal from the carphones.
Several faciors limit the practicality of this solution.
The principal factor is comiort: people do not like ex-
tremely loud sounds, whether they be speech or noise.
A second factor is safeiv: loud sounds can and do canse
hearing losses if listened to over prolonged periods.

Concerning the comiont aspect of listening to loud
<peech sounds, two processing techniques can be used:

(1) A noisc-auzsad  automatic volume control
{AVC; can be used so that the voice level in the ear-
phenes will always be at 2 comfortable and inielligible
leved relative to the ambient-noise background. Pollack®
has shown that such an AVC does not interiere with,
and may substastially improve, speech intelligibility-.
A small microphione in the noise field to which the
listener is exposed can provide the noise signal 10 acti-
vate the AVC drcuit. Use of the AVC drcuit has the
additicnal advantage of simplifying the system from

# j_ M. Pickett, 1. Acoust. Soc. Am. 28, 902-905 {1936,
37 Pollack, J. Scoust. Soc. Am. 29, 13241327 (1957>.
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the user’s standpoint by eliminating a manual volume
control. The design of an AVC circuit can be based on
the data shown in Fig. 3. For the curves shown in Fig. 3,
a group of listeners wearing ear.nuffs cver earphones
adjusted the speech level from thicir carphones 10 three
criteria: maximum level that they would tolerate, level
preferred, and minimuta level for 80¢,-907; rhyme-
word intelligibility.

{2) Peak ciipping can be used at the bigher listening
levels. For example, up to 12 dB of clipping has a
negligible eifect on speech intelligibility, does not de-
stroy veice quality, and protects the listener’s ears
from urccmfortable and potentially deafering speech

p&ks}i

Both of these techniques have been wed in the flight-
ueck radio developed at the U. S. Navy electronics
Laboratory.'#

Concemning the second, or safety, factor relative to
amphiving specch indefinitely to make it intelligible in
aigh-level noise : How loud can a sound be before hearing
losses are a potential problem? Flanagan and Guttman®
have proposed that (fur exposures over the years
during work-week hours), if the C and A levels are
within 1 dB of each other, a C (or A) level greater than
86 dB should be regarded as unsafe. If the C-A level
difference is between 1 and 6 @B, a levei of 85 dB(C)
shovld be considered unsafe. If C-A is between 6 and
12, 93 dB{C) is the limit, and if C-A is greater than 12,
95 dB{C) is the safe-unsafe boundary. Young® has
suggested that this is almost tantamount to saving that
if the A level is less ihan 80 dB the noise is safe.

If noise levels greater than 8 dB(A) for a working
day are potentially unsaie,® then speech levels (at the
ear) that continually exceed 2mbient noises at these
levels would aiso be unsafe.

In general, good speech intelligibility in high-level
noise has been obtained*¥ by using (1) a roise-cancel-
ling microphone {in a noise shield*-® for extreme noise) ;
(2) carphones in noise-attenuating earmuiis,” (3) a
wide speech bandwidth (three or more octaves wide),
centered somewnere between 1000 and 1800 ¢ps (Ref.
43); (1) minimum or no sidetone?; {(3) AVC drcuit to

» J. C. R. Lidkiider and G. A. Miller, “Th: Peroeption of
Sptech,” in Hlexdbock of Experimental Psyehddogy, S. 8. Stevens.
Ed. (Inha Wiley & Scas, Inc, New York, 1951), Chap. 26, po.
106:1-1062.

¥ D.C. Gihson, “USXEL Flight Deck Communiczticns System.
Part 1. Noise Attenuating Kadio Communtcations Helmet and
Fixx] Station Equipment,” NEL Rept. 922 (14 Mar. 1960), AD
254 N3i.

# J_ L. Flanagan and N. Gutiman, . Amust Sce. Am. 3¢,
1654-1638 (1964;.

2 R. W. Young, personal communication and footnole on Table
I, Red. 38

¢ The Revision of Document 43 {Secrerznat- 194 314 of Techni-
2l Committee 43, Working Group 8 of the Intemnational Organi-
zat:on for Standardization, date? juns 1964, puts this safe-unsafe
bouadary level at 90 dB(A) for 3-h days.

a 31, S. Hawley, J. Acoust. Sor Am. 28, 1236-12¢0 (1936).

< M. S. Hawley, I Acoust. Soc. Am. 36, 188-190 {1938,
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conform in general to preferred listening level as shown
in Fig. 3; (6) peak clipping of 12 dB at maximum
power'#% ; ard (7) flat frequency response and mini-
mum distortion in the audio drcuitry

It is often thought that speech picked up at some
ar.atomical location other than in {ront of the lips would
aid speech intelligibility in noise. Studies**+ concerned
with vibratory or bone pickup show in generai that this
is not =0 and that, as the distance from the lanmnx
increases, the amplitude of picked-up sound decreases.
i.ikewise, ear-insert microphones work weil in the quiet**
but are not in rompetition with microphones located
in front of the lips in high levels of noise ®

An evaluation of representative vibraiory and car-
pickup microphones in 1957 stated* that, “Transducer
cutputs are intelligible . . . to the following sound-
pressure levels [of jet noise]: 137 dB for the M-33
[noise-canceliing dynzmic microphone in noise shield J;
120 dB for the D-98 Airphone [0 ear-insert phone];
110 dB for the PDR-8 [wvorn over the ear}; 120 dB for
the YM-1 [vibraiion pickup] on the forehead; and 136G
dB for the VM-i on the mandible.” Subtract 21 dB
from ali these valees 10 equate to a 037172 SIL of
equivalent flat {er minus 6 dB/oct) thermai roisec.

A comprehensive U. 3. Air Force-sponsored study by
the Western Electro-Acoustic Laboratery on the per-

8]. C. Webster, “Gensralized Specch Interference Noise
Contours,” ;. Speech Hearing Ree. 7, 133-141 {1963).

# J. Muliendore, “*An Expcrimental Study of the Vihration of
the Bones of the Head 2nd Chest duting Sastained Vowel Sounds,™
Speech Meaographs 16, 163-176 {1945).

© G. ven Béésy and W A. Rosenblith, “The Mechanical Prop-
crtiss of the Ear,” in Hondbook of Expersmentcl Psyckolopy, S S.
§1:vcnls, Si {Jorn Wiicy & Sons, Inc., New Yerk, 1951), Chap.
Zi,p. 1L
(l;‘S}S{\' Moser and H. J. Cyer, J. Acoust. Soc Am. 30, 275-277

€ J.C. Webster, P. O. Thompson, J. Saidecor, and D. D. Wash-
bure, “Speech Pickup from  Various Aratomical Locations,”
voc. Decade Basic Appl. Sd. in the Navy, Of. Naval Res,,
Washington, I. C. (1937).

S H. J. Qver, ] Acoust. Soc. Am. 27, 1207-1212 (1953).

S R. D. Bad, J. Acoust. Soc. Am. 23, 260-264 (1957).
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116. 4. Speerh intelligibility (parcent PB words corrects for
speech at various leveis vs neise level of 2 — 648 ‘oct nolse {Fig. 2,
Ref. 23) and {at extreme right) a hovering HUP nelicopter noise
trelative octave levelsof —23, -8, -G, —7.0, -3, —8 and — 16
dB for octaves centered at 67, 123, ctc.i. The s«olid liner are for
open cars, the dotiad lires jor protected cars (plags or mufls.
The majoenity of she data in this Figure are renloited from Fip. 3
Ref. 23 (ith abscissa and parameter values nk’chan-v!-
The data at the extreme sight arz from Red. 6. To eqinte the 120
sets of data, use is made (cn the bottom abscissa) of the 9.57172
SIL of —6-dB/oci thermal notse. No equating is done - the ordi-
nate re the Somparative intelligibilita of PB words™ leity and
multiple-choice words= (right).

SO-CO

formance of electroacoustic transducers in noise has
been reported orally®-% but as vet appears onhx in
company reparts,” and the data are *vo extersive to
summarize here. It was concluded that a microphone
embedded in a dental plate or otherwise fasien<d to
the lower teeth inside the mouth showed promise for
comnunicating in high noise levels.®

For communicating in high levels of neise, the old
reliable carbon button has had its day. At ambient
levels abrove 80 dB over-all et noise 30.dB equivalenat
.3 172 SIL of flat TN and TN-6}, dvnamic and con-
denser) microphones «ill give betier nteliizibiiity
scores 532

V. AMPLIFIED VOICE COMMUNICATION,
LOUDSPEAKER LISTENING

What are the limiting levels of noise i which amph-
tied speech car be heard over a loudspeaker? #igure 4
is a replot of some data of Kivter's (Fig. 3 ia Rei. 23).
In this replot, the abscissa and pavameie. dimensions
are interchanged from Kryter's originz] Fig. 3. In this

=AW, B. Saow, . Acoust. Soc. Am. 33, 1668 (A (1961

8P S Vendlasen, J. Acvust. Sec. Am. 33, 16611.1) (1961

2 §. P. Chrictoff, J. Acoust. Sec. Am. 33, 166240) {961

5 Sudy and Investigation of Speaatized  Electro Acoustic
Transducers for Voice Communication in Awrcraft” ‘\\c<1¢:m
Electro-Acoust. Lab., Inc, Final Rept. with Suppl. App. 1-6,
Contract AF33{6i6)-5710, Task No. 33060 {Fed. 1959).
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form, it is easv 10 sc¢ how specch intelligibility Tor
loudspeaker-reproduced amplified speech 1s limited by
ambient noise and how this varies with (1) ampilified
speech level and (2) with the wearing of earplugs
(dotted lines), versus open ears (solid linss). The re-
maining alieration io the onginal Krvier data is that
roise level is now plotted as the 0.5 1 2 SIL (of the
—6-dB ‘oct thermal noise) instead of as the over-ali
level.

When these 1wo iransiormaticns are made, many
compar:sons are possible. For example, note the shaded
areas around the 85-dB speech-level curves. This area
delimits Krvier's daia on his Fig. 7 where talkers and
listeners were in a face-to-face communication situation
at 2 distance of 7 fi. The talkers (just as the talker used
10 generate the data in Fig. 1) “spoke at whatever voice
leve! they thought necessarv to make themselves
uriderstood™ (Rei. 23, p. 416). The upper edge of the
shaded area is when neither 1alkers nor listeners wore
carplugs and the lower boundary is when both talkers
and listeners did wear earplugs. The original data show
points in between, -herc one or the other wore plugs.

The 6t curve {rom Fig. ! (oweresd 10 percentage
puints 1o account for the difference between PB words
correct and rhyme words correct” Le., 305, PB score
=005, rhyme seored would it in ihis same shaded area.
Beranek's!” $-ft. $6-dB speech level, treated-aircraf:-
cabin noise surve would also fall in the shaded area
{between the limits of $57 and SUS%).

It shculd be noted in passing that all data in Fig. 4
{and the nonearphione daiz in Fig. 1) were taken in
semireverberant {czrtainly ronanechoic) reoms. Knvter
shows (Ref. 23, Fiz. 5; that for open cars ihe intellig-
bility in an arechoic room is 1€ zreater than in his
reverberant roem. For plugged ears, the 106 holds only
ai high levels of intelligibility. And Thompson, Websier,
and Gales™ fave shown that any amourt of reverber-
ati.n added 10 “dead”™ sprech causes 2 decrement in
inteliigibility.

Also shown u. Fig. 4 1> a suminary of the daia relaiing
SIL, voice level, arﬁ distance between talker and listener
(ccrrcclcd from 0.6 4.3 Sil. 10 05 1 251L}. The same
rationale and explanatiens as used when the SIL data
were supcrimpoq:(. in Fig. 1 also apply here.

the top of the Figure are cuteff poinis delimiting
ihc subjau\-c opinions vl people relating 1o the relative
noxsznm of “'stenographic and large enginecring drafting
rocms.”= { Executive-office personnel toleraie 10 dB less
noise: that is, :hey taink that offices are “roisy ™ at
ar 0.3 1 2SIL of €0 dB (not 70 dB), and “very noisx™
atan 0.3 1 2SIL of 70dB.]

At the bettom of Fig. 4 are the opinions 6f the people
surveved by Bemnck"—- relative 10 mecasured noise
level there r(p!oucd as 0.3 1 2 SIL) aad their abihity
10 usc the 1elephone.

% P. 0. Thompson, J. C. Webster, and R. S. Gakes, J. Acoust.
Soc. Am. 33, 604-603 (1961). 5
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To augment the data of Knter® and BemaneR ™ =
soine éata of Welsster, Tixompwn, and Belischer® are
added to the right In Fig. 4. The nolse was “hoverang
helicopier,” the words were “mukinle choice,™ and
mufis were used instczd of plugs, but the data appear to
be censisient with Knter's® znd do extend the repm-
duced level of speech and roise slichih bevond the
limits tesied by Kryier.

Somz general conclusions 10 be drawn from Fig. 4
and the daz2 on which Rt is based are. At noise and or

speech levels above <o~qc pmn inteligibiliny is beiter
whes lumcrs and or talkers are wearing mrpiu%’ or
earmuiis.® This limited noise level &= roughh atag3 1 2
SiL of 70GB and the limiting speech level is 93 dB. Since
people dislike wearing heanrxa proteciors in mr:inal
levels of noise {and don't believe that they can hea
better), 2 051 2 SIL of 86 éB :hould pmhabn be
choser: as a point where some sort of pressure should be
bmuobt 10 bear to insist that ear proiection be wom. A
05'1°231L of 8048 co—nsp(mds roughly 10 2n A leved
of 90 dB (sec Tzble I or Rei. 12), where hearing pro-
tection shoutd be wem as a prmeaion azainsi noise-
induced permanent hearinz loss with & Sk, 3 -dav, X

week, maitiple-vear ct;m.xur&."*"

A=nother conclusion from Fig 4 and its sources®™ 3
1= that at anyv consiant speech-to-noise differeniial the
intelligibility is remarkabiv constant, rising some at low

noise leveis and falling some at high notsc levels {even
when wearng ear p:mertors) This sheht jallofl of
intelligbility with level has been found b\- others™ and
suggesisi that the ejuivakni toan ear-overload -ondition
exisis, just as Pickett™ has shown 2 similar veice over-
load (or at leasi 3 decrement of intciligibilizy with
greaily increased vocal effont).

7§ inter&sting 10 note that “nois ~and “ven noisy
spaces are assodaied with SIL's such that ““shouting™

3 ) W, Bhck, ~Mulipir Choice IntcdBmbiinn Tets”™ 1.
Seeeck Hearing Dasosders '.'2. 313 236 {1937,

* 1. Pl and J. M. Pivketr, J. Acoust. Soc. Am. 30, 127-1530
{1938).
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or “ven Jowd™ velie levels {or 93-dB speord kelsy are
required jor conversations at 1.5 or 3§, and thic iz the
region where ickephone coavenations are judzad 10 be
~difkult” or unsatisfacten.” All of these adverse
Nuise comiltions watr 21 the ratiun where ear proteciion
adll aid inicdhghalina and a1 the boundany where car
p’u‘ul’un should be vl 10 protact against heanng
lasses. It is quite apperent that 05 1 2 SILs above
0 dB shouid be aveided in spaces where poople mus:
CONVETSe OF communicaie via some comimnunication
device. Spaces nhere conversations cannot be carmied
on in comfort a1 3 i1 aze toe noisa for anv 1ape of 1ask
requiring face to face commumications. Naiseprooing
of humans and eyuipment should start at this noise
level. A1 6.3 1 "2 SILs greater than 91 dB the wearing
of hearing protexiion should be mandaton and cvery
noiseprooitng lechniyque {except = noise shicld for the
microphone} should be emploaed. Az 0.2 1 2 Sil%s
abave KR @B, cven nousproonrng iechniuce shorld be
employed.

Beranek's™ recommendation thai 16 3.8 SIL s above
33 4R {6371 2 SILs of 60 dB) should b= avoided for
office spaces appears 10 be a gzood choice Levels 10dB
greater than this should be avoided even on ships where
\'mnla 3ton and oiher notses are ever present and thar
quicting cxpeasive.
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Efiects of Ambieni Noisc and Nearby Taikers on a Face-to-Face
Communication Task

Joux C. WesstER AND Roy G. Kruser
U. 8. Navy Electronics Labaratory, San Diego 52, Califurnia
(Received February 26, 1962)

Yrom 1 to 5 tali._r-listener pairs, talkers seated shoulder-to-shoulder on one side of a table with listeners
on the other, communicated word lists in conditions of guiet and ambient thermal noise ievels of 63, 75,
and 85 dB. Each talker read one word at a time te his listenei-partner, who repeated back each word for
verification by the talker. Talker-listenar pairs were insteucted to maintain an accuracy of Y0 or better.

For the Jower ambient levzls the speech level of a central pair increased about 3 dB for an additional 10 dB
of Loisc or for cach doubling of the number of pairs around them. The rate of utterance decreased with
noise but showeu no clear-cut pattern of changc as the aumber of additional talkers was varied. Accuracy
of communication was. on the average, 946, and was never below 84€, . Communication errors defy simple de-
scription but in general (1) for a constant noisc lescl, increasing the number of taiker, results in increasing
errors; and (2) for 3 or fewer talker-listener pairs, percent error does not increase until the ambient-noise

level reaches 83 4RB.

1:¢TRODUCTION

T is often necessary to assess the suitabhity of a
room fexisting or preposed) for speech communica-
tion, from a knowledge of measured or expected
ambient-noise levels in the room. The prediction is as
often as not based soiely on physically existing noises
(fans. vehicular noise, ete ) and may not adequately
account for the cumulative noise cfiects due to the
people within the room performing voice communica-
tion tasks. The purpose of this study is to determine
the interaction betweer physically introduced ambient
noise and speech levels of nearby talkers on the per-
formancce of talker-listener pairs performing a com-
municating task (exchanging Harvard PB words!).
The variabies measured are: speech level required to
communicate in increasing levels of physical and or
talker-gencrated noise, rate of utterance, and the num-
ber of errors.

APPARATYUS

All testing was done in a 28X 16X 10 ft recording
studio. “Quiet” levels in the studio were 35 dB or less
on the C scale (35 4B or less on the A scale) of a sound-
level meter. Reverberation time of the unoccupicd studio
was approximately 0.25 sec.

The talker and the listener ¢f a central pair were
seated across from one another at the center of a table
measuring 60X 34 in. When a second and, or third pair
was added, they were placed beside the center pair so
that all talkers were on one side of the table and ali
listeners cn the other. Talkers were scated shoulder-
to-shoulder and listrness were shouider-to-shoulder.
Mouth-to-ear distance between any talker-listener pair
was 36 in. Center-of-head-to-center-of-head distance
between adjacent taikers (or listeners) was approxi-
mately 17 in. Paris 4 ani 5, when used lo generate
additional babble, sat at wo small additicnal tables
placed one at each end of <he larger central table.

1]. P. Egan, Laryngoscope 58, 955-991 (1948).

Ambient noise was obtained from three speaker
arrays iiven by amplifiers and a2 thermal noise gen-
crator. The noise field about the table was uniform to
within 21 dB as measured on the C scale of a sound-
l-vel meter. The frequency response . the ambient-
noise system was £S5 dB from 200 to 6000 cps as
measuted with warble tones and a microphone located
above the center of the tabie.

Sitx matched microphones were used to record the
outputs of the six subjects (3 talkers and 3 listencers)
from whom data were taken. Microphones were fastened
to the table in front of these six subjects. Each person
positioned himself so as to have his lips almost touching
the edge of the micruphone. Lip distance to center of
mic-ophone was approximately 1 in. Microphones were
oriented so as to minimize breath blast. Gutputs of the
six microphones were recorded on tape and were later
analyzed for error, rate of utterance, and speech level.

Specch level was determined by playing the tapes
back at half the recorced speed and tracing the speech
signuls on a Bruel and Kjaer, type 2304 power level
recorder using a writing rate of 1600 dB/sec. Sound-
pressure levels were assigned to these speech tracings
by determining the difference between the speech peaks
and the background-noise level. The background-noise
level had previously been measured with a sour.d-levei
meter set to C, “fast.”

The level of each worl was noted to the nearest
decibel ard the median level for a list was determined.
Medians were used instead of means because of the
reduced aaalysis time requirec. Later analysis showed
that med ans differed from mean values, in 24 lists
sampled. by less than &1 4B. In general the quartile
values differed from the median by about 1.3 dB and
never differed by over 5 dB.

PROCEDURE

From 2 to 16 people were used as subjects, always
aciing in pairs. They were members of the U. S. Navy
Electrcaics Laberatory, had normal or near normal
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hearing, und were experienced in noisec communication
tests. One member of the pair, the talker, read words,
onc at n time, from a list of PB words. His partner, the
listener, repeated back each word as he heard it. If the
talker was satisficd that the listener had repeated the
word correctly, he proceeded on to the next word. If
not satisfied as to the correctness of the response, the
talker, acting on previous instructions, repeated the
word and again ascertained the listener's response. Each
pair was instructed to maintain a high degree of ac-
curacy (90% to 1009,) but not to repeat any given word
more than three times. Maintaining the required ac-
curacy was the responsibility of the talker, who had
15 wortds before each test list to adjust his vocal output
- until he was satisfied with the level of accuracy of his
listener’s responses. He was cautioned by the experi-
menter, who monitored cach list, that any list with
excessive errors. would be rerun, No lists were actaally
rerun (although scores between 84 and 90%, did occur
on 239 of the lists). They were also instructed to
deliver the words as rapidly as possible while maintain-
ing required accuracy. Th's was done to minimize the
- possibility of getting in synchrony and delivering words
in the interval between words of an adjacent pair.
Subjects were instructed to ignore, as best they could,
the ambient noise and the speech from adjacent pairs.
No instructions were given as to exactly what vocal
output would be required.

The results of 3 pairs were scored although 5 pairs
were used in some parts of the experiment, Pairs 4 and
5 performed the same tasks as the three centrally
located pairs but their results were not scored. They
served simply as “noise” sources.

There were four groupings of talker-listener pairs:
cach pair alone, two pairs together, all three data-
yielding pairs, and the three data-yielding pairs plus
two more babble-contributing pairs. There were 10
experimental scssions; each pair alone (3) replicated
once (total of 6), pair 1 vs pair 2, pair 1 vs pair 3,
pairs 1, 2, and 3 together, and pairs 1, 2, 3 plus pairs
4 and 5. Within each of the 10 sessions, tests were
carried out in the following order of noises: Quiet, 65,
75, 85, 85, 75, 65, Quiet.? Each test consisted of reading
75 PB monosyllabic wards (but scoring only the middle
50 words which comprised a complete PB list). The
words preceding the actual test words allowed a
“settling in” period for adopting a mutually acceptable
level and rate. The words following ensured a constant
babble level for the pairs that were still communicating
after the faster pairs had finished.

The experiment was designed so that (1) no adjacent
pair read the same list at any time during a scssion,
(2) the extra words at the beginning and end of a list
were taken from lists not used in that particular test
session, and (3) during any given test session each

2In the condition where § pairs were communicating, only 4
noise conditions were used (tke ascending sequence of Quiet, 65,
75, and 85 dB).

- FACE-TO-FACE COMMUNICATION

IN NOISE
SEQUENCES ERRORS

TLTLTYT LT LE + TOE + Tok o 3t
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3 A0 C A A 4 -] ] 4
“« A ' 1 ° e
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A o CORRECT WORD, B 8 C o i 'ORALCT WORDS, T o TALKER, Lo LISTENIR
LE o LISTENCR EAROR, TOE « (4. KER OMISSION ERAOR, TCL
TALRER COMMISSION ERROR

IC o TOWML fRAORY

¥16. 1. Types of errors made by talkers T and listeners L. The
eight word sequences shown at the left encompassed every type
of error found in these tests, The type of error and the way these
errors were summed are shown at the right.

pair read a different list for each condition, Preliminary
runs indicated that seeing the talker’s lips made no
difference in any criterion mcasure of accuracy, rate,
or speech level, and so no screen was used between
talkers and listeners.

TREATMENT OF DATA

The raw data consisted of magnetic tape recordings
of three talkers and three listeners. These lists of 50
words were analyzed for (1) speech level, (2) rate, based
on the time taken for the talker to say and the listener
to repeat 10 consecutive words in a stable (error-free,
repeat-free) portion of their performance, and (3)
number of errors.

To understand the variely of possible errors, refer
to Fig. 1. For any one word the sequence of cvents
which might transpire between talker T and listener L
is shown in Fig. 1. The symbol A represents the correct
word while B and C represent incorrect responses to
A. Actually the talker by definition never said an
incorrect word. If he misread a word on his list, his
misreading became the new correct word. On the
average, 94% of the responses were correct, that is,
sequence 1. The most common incorrect sequence was
sequence 2, which sometimes got lengthened into se-
quence 3. Sequences 2 and 3 involve listener errors LE
but no talker errors. Sequence 4, which occurred most
typically in the higher ambicent-noise conditions, in-
volves an crror on the part of both the listener and the
talker. The talker’s error is that he failed to detect the
listener error and thercfore failed to correct it (TOE or
Talker Omission Error). Sequence 3 is purely a talker
crror: He thought the listener’s correct response was
incorrect and repeated a word he nced not have re-
peated (TCE or Talker Commission Error). This type
of error sometimes sets off a longer chain of errors like
sequences 7 and & where the listener, because of the
error of the talker, assumed he was wrong and changed
his initially correct response to one (7) or morce (8)
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F16. 2. Speach level vs noise level of the center pair only. The
midpoint alonz the abscissa represents the quietest condition, a
single talker-listener pair in the quiet recording studio. To the
right of center, thermzl noise was added to make ambient room
ncise levels at 63, 75, and 83 dB (C scale)- To the left the nuniber
of « smmnnicating pairs was successively doubled by the addition
of 1 2, and % pairs of talker-listeners. The parameters on the
left band stde of the figure represent greater noise levels, and on
the right, moze people. The same data are plotted on the left and
right ha.ves. The two halves differ only in that the abscissa and
parameter designations arc interchanged.

The datum points for “no additional pzirs” and “plus 1 pair”
represent rosults from 8 different lists of 20 PB words. Four lists
are represemed for “plus 2 pairs” and two lists for “plus 4 pairs.”

incorrect respenses. Sequence 6 is in. ther, though rare,
combinaticn of listener and talker ervors. In plotting
resuits, all three types of errors were combined inte a
single error score, i.e., E=LE4+TQE4TCE.

The number of repeuats is ordinarily an important
measure of (emmunications success. However, since
the lack of a repeat, .equence 4, is as serious as the
prescnce of = repeat, the total number of repeats is not
a good performance measure on this task. The in-
tormation on repeats, or lack of them, is contained in
the cembined error score. ’

RESULTS
Speech Level

When averaged over all three pairs, the speech levels
of the listeners ¢id not differ from the specch levels of
the talkess. Therefore in the results the speech levels
of the talkers and the listeners are avernged.

Figure 2 shous hew the speech level of the center
talker-listener pair changed with ambient thermal noise
levei and number of adjacent competing talker-lstener
pairs. Median specch leved is plotted on the ordinate
and along the abscissa are measures, direct or indirect,
of noise ieveis. The speech fevels on the ordinate are
levels measured approximately ! in. from the talker’s
mouth (at the iistener’s ear, 36 in. awayv, the measured
lavel was 1§ 4B less). The minimum speech level of
94 dB (cenrter pair alone in the quiet) corresponds to
“normial” speaking effort and the maximum of 117 dB
{“plus < pairs” and 85 dB”) to 2 “shout.” The true
long-term rms speech level at 1 m in a free field would
be 34 ¢B less than the 94 dB {normal) and 117 dB
(shout) vaiues shown (31 dB for distance doubled and

ND R, G, KL
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3 dB for peak to rms correction of the sound-level
meter reading}.

From the center to the right along the abscissa the
ambient room noise increases in 10-d B steps. The break
in the abscissa retlects the fact that, although the C
scale level for the “quict” Q condition is 10 dB below
the 63-dB thermai-noise level, the difference in A-scale
levels is about 30 dB. The A level is more closely
related to speech interference than is the C level? The
parameters on the curves to the right are the number
of ad”itiunal pairs communicating: The curves are (1)
the center pair by themselves, (C) with 1 additional
pair alongside, (3) with 2 additional pairs (one on each
side of the center pair), and (4) with 4 additional pairs
(two pairs on cach side of the center pair).

From the center to the left the number of pairs of
communicators around the center pair doubles and the
paramcters on the curves are the ambient-noise levels,
The same data are plotied on the left as on the right.
The difference is that the abscissas and parameters are
interchanged.

This symmetrical plotting of the data is done to
emphasize the comparisci. between the effects on speech
level of “noise ievel” and “number of communicaters.”
The curves are within =2 dB of being bilateraily
symmetrical around the center. This implies a general
equivalence between (1) adding 10 dB of noise and
(2) dcubling the number of people. Adding 10dB of noise
cssentially doubles the subjective loudness.* If speech
levels of talkers surrounded by noises be considered an
indicator of “loudness” then doubling the number of
comrunicators Jikewise doubles the loudness. In the
lower ambient-noise levels the amount of speech-level
shift with 10 dB of noise, or doubling of communicators,
is roughly 5 dB. In the highest ambient-noise conditions,
speech level is approaching maximum pessible sus-
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F1G. 3. Spe=ch level vs noise level of the 3 data-yielding pairs
(all). The or nate, abscissa, and parameters have the same
meaning as in Fig. 2. Each datum point on the “no additional
pairs™ represents 24 lists, an the “plus 1 pai:” 16 lists, on the
*“plus 2 pairs™ 12 iizts, and on the “plus 4 pairs™ 6 lists.

3R. G. Klumpp and J. C. Webster, * Jpeech Interference
Aspects of Navy Noises,” U. S. Navy Elctronics Laboratory
Tech. Rept. (2o Le pubiished).
F" 'e.wS. Stevens, J. Acouzxt. Soc. Am. 28, §07-8°2 (1956). See
ig. 19.
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tained level® € Physiological limitations keep the speech
level from continuing to increase linearly.

An increase in ambient thermal noise affects all
talkers in the room equally, but adding peopie sym-
metrically around the center pair affects the center
pair more (or at least differently) than any of the other
pairs. In Fig. 3 the speech levels of all 3 pairs are con-
sidered. The same general trends are evident in Fig.
Jasin Fig. 2; i.c., speech level increases with increasing
ambient noise or additional adjacent talkers. Two kinds
of dificrences show up. First, the inherent speech levels
of the two noncentral pairs are less than the center
pair, so with “no additional pairs” the speech level is
down about 4 dB on Fig. 3.

The second difference has to do with geometry of the
test situation. \When alone or with one additional pair,
the center pair and the two noncentral pairs arcin
essentiaily the sume test situition. Howeves, with two
additional pairs the center pair has a pair on each side
while cach nencentral pair has the additionzi people on
one side of them only. To the noncentral pairs. the
*plus 2 pairs” condition is more like “plus onc and a
fractivn.” The results reflect this inasmuch as the “plus
2 pairs” data on Fig. 3 lic between the plus 1 and the
plus 2 of Fig. 2. Likewise with four additional pairs in
the room the center pair is surrounded by two pairs
en each side whereas the nencentrai (but nonend) pairs
have three pairs on one side of them and one pair on the
other. The *“plus 2 pairs” condition for the center pair
is more equivalent to the “plus 4 pairs” for the non-
central pairs, and the data reflect this. If the left-hand
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%16, 4. Voice specira of the talker from the center pair at
various noise conditions. Over-all {broad-bandj Jevels are shown
for each condition at the extreme left. These over-alls represent
the talker portion of the data plotted on Fig. 2 at the specified
parametric points.

3 J. M. Pickete, J. Acoust. Soc. Am. 28, 902-905 (1956). Sce
Vig. 1.

Western Electro-Acoustics Lab. Final Rept. Contract AF
33(6163-3710 Task No. £3060, “Study and Investigation of
Specialized Electre-Acoustic Transducers for Voice Communica-
tion in Aircrait.” Appendices 1-6, (Febmary 1939). See Fig.
Ad 9.
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F16. 5. Rate in words per second to read 10 error-free words as
a function of ambient noise and number of communicators.
Auscissa and parameters have same maning as in Figs. 2 and 3,
and the data are hased on the same number of ohservations as in
Fig. 2.

abscissa of Fig. 3 (and the right-hand parameters)
were relabeled as “no additional pairs,” *plus 1,”
“plus 14-,"" and “'plus 2-,” the results on Fig. 3 would
{except for the inherent weaker speech levels alone)
very nearly coincide with the results shown on Fig. 2;
the agreement s within 2 dB.

Figures 2 and 3 show how the over-all speech level
increases with noise, but what happens to the voice
spectrum as the over-all speech level increases? The
voice spectrum of the talker of the center pair was
analyzed in cetail from selected samples of seven of
the different experimental conditions shown in Fig. 2.
Figure 4 shows the level in half-octave bands under
the conditions of Quiet and at 65, 75, and 85 dB of
ambient noise. and in the 75-dB level with 1, 2, and 4
pairs of communicators around him. His over-all level
increases in order through each of the conditions just
listed (sce Fig. 2) except for the “‘no additional pairs”
at 85 dB vs the “plus one** at 75 dB, which are roughly
equal. Note that as the over-all level increases more
and more energy is shifted to the higher frequencies.?
The two levels which in over-all level are roughly equal
(alone at 85 and 1 pair at 73) have rearly identical
spectra. From these sclected samples it appears that
spectrum is more dependert on level than upon what
causes the level to be where 1t is {(i.2., it makes httle
difference whether it is thermal ambient noise or
fellow communicating colleagues that cause increased
speech level; for equal speech level the spectrum is the
same).

Rate

Figure 5 shows the same type of plot as Fig. 2
except that rate {words per sccond) is pletted on the
ordinate. Note the complete lack of sy.nmetry as con-

?J. C. R, Licklider, M. E. Hawley, R. A Wallhng, J. \coust,
Soc. Am. 27, 207(A) {1955).
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Fic. 6. Errors of the center pair as a funiction of ambient room
noise and aumber of competing communicators. Abscissa and
parameters as in Figs. 2, 3, and 5. Data are based on same number
of observations as in Fig. 2.

trasted to Fig. 2. The rate of utterance of the center
pair depends to 2 greater degree on ambient noise than
on talker-generated noise. Contrary to the sprech-level
results, increasing the ambient noise decreases the rate
of talking. In general, increasing the number of peopie
increases the rate of talking, but there are strong in-
teractions with room noise. The rate data for “all”
communicators are not shown inasmuch as they do not
show any systematic deviaticn from the ““center” data.

Errors

Figure 6 shows the percentage of errors made Ly the
center pair. In low noise levels the addition of com-
municators contribuzes greatly to the number of errors.
Likewise with few communicators in the room addi-
tional noise above 75 dB contributes greatly to errors.
The increase from 65 to 75 dB of noise does not in
general increase the number of errors.

The ““all” data on errors (not shown) are generally
eguivalent to the “‘center” data except that in generad
fewer errors were made by thic noncentral pairs. It must
be remembered that this experiment was designed to
west speech level as a function of noise, error rates kept
minimal. The talkars were instrucied to keep errors to
less than 106 2nd actualiy achieved a 6% error rate
on the average. It is not too surprising therefore that
the analyses of errors show no systematic trends.

DISCUSSION

The increase in speech level of 3 dB for each 10-GB
increase of ambient thermal noise (slope 0.3} 1s some-
what higher than the change in speech level with noise
found by Kryter,® by Hanley and Steer, by Kom,*

VK. D. Kryter, }. Acousl. Soc. Am. 18, 413 (19463,

*T. D. Hanley and M. D. Steer, J. Sporch Hearing Dicorders
14. 363 (1949‘

#T. 8. Komn, ]. Acoust. Soc. Am. 26. 793 (1934).

and by Pick s (slope=0.3}). Although factors such as
the speech material, room acoustics, (hslanrc between
talker and listener, spectrum of ambient noise, and
absoli:te ambient-noise level will affect the speech level,
differences in siopes obtained are probably due pri-
raarily to differences in feedback provided to the tatker
and degree of accuracy required. In the Kryter and
Pickett studics the listener wrote dewn what the taiker
said and correctness of response was ascertained later.
Ia the Korn and in the Hanley and Steer studies there
wus no objective measure of commanication effective-
ness available to the talker. In contrast, in the present
study the talker knew immediately afier each utterance
how well his speech was being received and the error
rate averaged 65%. This difference in acotracy and im-
mediacy of feedback could account for the greaier slope
found in the present experiment.

In this study the number of error- {and repeat-j iree
words spoken decreased with increasing ambient noise.
This tendency decreased progressively as more com-
municators entered into the talking task. Hanley and
Steer'? obtained similar results inasmuch as increasing
noise in the headphones of talkers caused the speech
lcve! to increase, the words spoken per minute to “lc-
crease, and the mean syllable duration to increase. On
the other hand, Black® found that when talkers were
instrucied to read at four vocal-effort levels ranging from
soft to loud that speaking rate increzsed. Black’s re-
sults do agree, however, that speech level and the
fundamental voice frequency increased as talkers spoke
louder and louder. Blask’s 1alkers were not raising their
speech level to combat nuise and retain error-free
communication but only =;30n instructions te do so.

When Peters' informed his talkers they were not
being understeed they increased their speech level and
decreased their rate {but did not become more intel-
ligible). It would appear that speaking rate does not
always decrecase as speech level increases. This is true
only when speech ievel increases because of combatting
noisc or unintcliigibility. When asked to increase speech
level in a quiet environment and with no communica-
ticns to maintain, the rate and level apparently increase
concomitantly. This lack of dirert relationship be-
tween speech level and rate may be the reason why in
this study rate decreases with increasing ambient noise
but has a tendency to increase when additional com-
municators are talking (unless too many are talking).

1 J_ M. Pickett. j. Acoust. Soc. Am. 30, 278 (1938)

=T. D. Hanley and M. D. Steer, “Effect of Level of l):i-
tracting Noise upan Speaking Rate, Durauon and Intensity,”
Spez. Devices Center Tech. Rept. No. SDC 104-2-14 (June 19491,

21 W. Black. A Relationship among Fundamentai Fre-
quency, Vozal Sound Pressure. and Rate of Speaking,” Ohio
S 21c University Research Foundatic~ and U, S. Naval School

f Awvation Medicine. Rept. 77 {(Augast 19381

"n R. W, Peters, “Chancges in Voice Intelligbility. Sound Pres-
<ure l.c- ¢l 6f Respense. and Duration of Response as a Function
of the Speaker’s Being Repatedly Informed that He is not Being
Understood by His Listenes.” U. S. Naval School of Aviation
Mecdicine Progr. Rept. No. 30 (May 1935

w————
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CONCLUSIONS

If a communicating pawr has direct spoken fredback
and is required 10 maintain relativety error-irec com-
munications, then for cach increase of 10 dB of thermal
noise they raise their speech level 5 an. They also raise

their speech level 5 dB if the number of similarly
instructed communicators around them successively
doubles. Their rate of word delivery decreases with
Increasing noise but tends to increase with increasing
people (until too many people are added).
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THE EFFECT OF TALKER-LISTENER ANGLE
ON WORD INTELLIGIBILITY

by P. 0. Tuoursex and ). C. Wesster

}.8. Xavy Elecironics Laboratory. San Diego. Califernia

Summary

A series of experiments were conducted in 2 sound-treated studio to study the effects ef
talker angle and listerner angle on speech intelligibility. Badkground noise was intreduced
through two loudspeakers to contro} the general intelligibility level in the sicinity of the
listeners. The noise also served to neutralize the effects of specch reflections in the room.
Seventy word-tests were run in three sub-experiments. Tre talker read a list of fifiy C-V-C
words for each tesi. The results indicated that speech inteltigibility varies more with listener
angle than with talker angle. at least within 45° on either side of the tatker. However, the
relationship between intelligibility and listering angle may have been influenced by the
directionality of the noise source relative to the talker and the listeners.

Zusammenfassung

Eine Reihe von Untersuchungen wurden in einem schzllgedampften Tonstudio durds-
gefihrt, um die Einfliisse von Sprecherwinkel! und Horerwinkel auf die Sprachverstandlich-
Leit zu untersuchen. Um den durchschnittlichen Verstandlidikeitspegel in der Nihe der
Horer zu regulieren. wurde Hinterzrundgerdausch mittels zweier Lautspredher in das Ton-
studio cingefiihrt. Dieses Gerausch ~eutralisierte auch den Einflub vor raumlichen Sprach-
riickstrahlungen. Sicbzig Wortproben wurden in drei Nebenuntersuchungen durhgefihrnt.
in weldicn der Sprecher jeweils cine Reihe von fiintzig cinsilbigen Wortern fur jede

Prohe lzz,

Die Ergebnisse zeigten, daB die Sprachverstindlichkeir einzelner Worter mehr von dem
Horerwinke!l als von dem Sprecherwinkel abhidngig war. zumindest innerhalb von 45°
beiderseitig des Sprecaers. Dennodh ist es moglich, daB d:s Verhiltais von Verstandiichkeit
zu Horerwirkel durch die Richtung der Rauschquelie bezogzen auf Sprecher und Hoi<r hatte
beeinflut werden konnen.

Sommaire

On a procédé a une série d’expériences d1ns un studio acoustique pour étudier les cffets
de Pangle d'écoute et de I'angle de 1la ; sle sur lintelligibilité. Un bruit de fond é1ait
enveye sur deux havt-parleurs ds facon a pouvoir contriler le niveau genéral d'intelligibilité
dans le v.isinage des écouteurs; le bruit sesvait également a neutrzliser les effets de ré-
flexion dans lz salle. Dans trois expériences primaires. on se sersit de soixante dix mots
atest», Pour chaque essal, le «parleurs lisait cinguante mots C.V.C. Les résultats ont montré
que l'intelligibilité variait plus avec I'zngle de direction de «I'écoutcur» que celui du «par-
leurs, pour des variations d"angle du «parlear» allant jusqu'a 45° de chaque c1é. Quoiqu’il
en soi, la relation entre I'intelligibilite et I'angle d'écoute peut avsir &8 influencée par la
directivité de la source sonore comparativement au «parleurs et 3 «I'écouteur».

1. Introduction

Recently Cuarvrova and Stavik [1]. working
with listeners who were stationed in a rank and iile
formation. found that those wko were directly in
front of the talker often scored lower than those
who were slightly to the side. even out te 2n angle
of 45°. Although the cause of this cffect could kave
been the listening angle (the relative direction the
listener was facing). the cxperimenters suggested it
might have been duc to the directional dharacter-
istics of the speech or. in other words. the talker
anzie. Since they did not independentls control

either variable. they could not specify the respon-
sible agent.

Because of the curiosity stirred up by this ques-
tion of a possible gzin in intelligibility 15° to 157
off the speedh axis. an effort was made te coordinate
work on this question with a research program
aimed primarily at the effects of noise characteris-
tics and talker distance on word irtelligibility and
vocai effort. The badkgreund noises raquired by the
program would mask the indirect. reflecied com-
porents of the speoch signal and would thereby
make possible 2 study of the directional dharacter-
istics of the dizect component.

T A ,‘mﬁ%ﬁm

t
4

W

G

R
W

o
.
+

Ry

)




e IR A T

cUsTIC
320 P.0. THOMPSON 2ad J. C. WEBSTER: WORD INTELLIGIBILITY ot 1% (1009
2. Procedure Rhyme word lists were used for all tests {2]. Each

The major variables in the experimental program,
into which the Eistener and .talker angle sub-variables
were woven, were word intelligibility vs. distance
between talker and listener, and type of ambient
noise. By counterbzlancing the location of the
listeners around the talker. the direction the listen-
ers faced, and the direction the talker faced, it was
possible to get the major data of distance and noise
type and still extract data on listener and talker
angle.

Three experiments were conducted: The first
dealing primarily with the effects of distance be-
tween talker and listener (1.8, 3.6, and 0.9 m), the
second primarily on taiker and listener ingle, and
the third on the type of badkground roise used. All
three experiments were counducted in a sound-treated
studio that was especially designed for recording
speech. Cylindrical surfaces were purposely design-
ed into the room to achicve uniform diffusion of
reflected sound. A plan view of the test room, in-
cluding the layount ¢ noise sources (loudspeakers).
and the general posiiions of talker and listeners is
presented in Fig. 1. The loudspeakers were position-
ed such that the masking noise gave the most uni-
form coverage over all listening positions.
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Fig. 1. Plan view of the arrangement of the taiker
iocations and listener locations (the sets of four
09’s, 1.8’s and 3.6's near the top in each case
in combination with the “L”, which was the
iistener iocation common 1o all three arrange-
ments). The angular limits of the three listen-
ing formations (dashed) and the direction the
talker generally faced (solid) are indicated at
the 1talker locaticns. In the third experiment the
whole 1.8 m talker-listener complex was rotated
15° cither to the left or o the zight for some
of the tests.

list is composed of 50 C-V-C words. Rhyme words
retain the same vowels and final consonants from
list to list, but the initial consonants change from
list to list.

2.1. Experiment |

In this experiment the distance between the talker
and the listeners was systematically varied from 1.8
te 3.6, to 0.9 m. At all three distances, (1) the
listeners faced the talker half the iime and 180°
away from him half the time, (2) each listener ad-
vanced counterclodiwise to the next dhair after ead:
test word list, and (3) jet aircrafl noise provided
the masking bakground for listening.

At the 0.9 m distance the talker faced the center
listener. The remaining four listeners were spaced
on an arc symmetrically aronng the center listener
at £33° and £70° (see Fig. 1). The jeci noise
sound-pressure-level (SPL) varied from 61 through
76, 88, 109, 10 106 dB(C) for each pair of word
lists (half with listeners facing the talker and half
with listeners facing away from the talker).

At the 1.8 m distance the talker faced the most
clockwise listener positicn. The remaining four
listeners were spaced 15° apart along the arc of
1.8 m radius {see Fig. t}. The jet noise levels were
54, 7€. 88, 54, sad 160 aB{Tj.

At the 3.6 m distance the talker again faced the
central listening position. But the other listeners were
not located symmetrically around the central posi-
tion but at £15° —39° and —45° (se2 Fig. 1),
The jet noise levels werz &3, 70, 76, 32. anid
88 dB{C).

Experiment I included two listener angles (fac-
ing) : 0° and 180°. and many talker angles 0° and
angles in steps of 15° to 60°. and in steps of 35°
to 70°. The off-centering of the talker (1.8 m dis-
tance) and the listeners (3.0 mx distance? was an
aitempt to balance out the geometry of the room-
loudspeaker-chair locations and arrive at true talker-
angle functions. The different noise levels at dif-
ferent talker-listener distances was an atiempt to get
roughly equivalent test scores for the varous dis-
tances.

2.2, Esperiment 11

Experiment If was divided into two parts of five
tests sach. For both part: the noise background was
88 dB jet noise and the talker-listener distance was
1.8 m. In the £irst part the listening angle was varied
from one test to the next. from 0° through 30°. 60°.
and 90°. to 180°. Thz talker faced the listener
farthest clodwise (0° at the 1.8 m positionin Fig. 1)
for all five tests. Each listener moved oac place
countercicdwise aiter every test.
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Ia the second part the listeners did not change
po~itions at all and alwavs faced the talker. The
talker faced the listener farthest dodiwise for the
first test and on each succeeding test he retaded 15
16 the left to face a different listener. In this way
talker angle was less dépendent upen dhair lecation.

2.3. Experiment 111

In experiment i a set of five tests was run for
eadh of v diffetent hacground noises at a talker-
Listener distance of 1.8 m. However. for the pur-
poses of this report the differcnce in noise badk-
zround is irrelevant and will not be discussed fur-
ther.

In addition to the fise listener positions shown in
tke 1.8 m arc of Fig. 1. an additional ens was added
on each zide. 15" bevond the outside ones indicated
in the fizure. For two sets of five tests each. the
listeners sat in the five dhairs farthest clockwise. for
another two sets tney sat in the five regular. interior
posttions. and for the cther two sets thev sat in the
five positions farthest counterclodiwise. The use of
these seven listener positions made talker angle less
dependent upon specific single pesitions. In each
pair ¢f sets the talker faced the listener farthest to
his left for onc set and the listener farthest to his
right for the other set. In every set of five tests the
lisieners faced ihe ialher on the fHirat ies! snd then
30°. 60 . 90°. and 180°. respectively. from him
or succeeding tests. After every test the listeners
also cxchanged seats in 2 counterclockwise direction.

3. Results
3.1. Experiment 1

The results. corrected to give the data for each
ialker-listener distance the same mean, are piotted

. -
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Fiz. 2. Werd intelligibility sesuhis of experiment I 2< a
function of talker angle tthe anzie between the
direction the iziher faced and the locatisn of
the listener). The parameter iz the distance
heiween the 1aller and the Istenevs. The 1alker
was immehile. so that iker angle was a0t -
dependemt of the docstive of the listeners
chairs. The Inteners moved one position couales-
cicd-wmise afier oveny il facngz toward the
12ller JJestenmg 2nzle ¢ ) on helf the fiqs 20d
180 awav on iae olher hpli
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in Fig. 2 with talier angie for \arious distances as
the parameter. The 0.9 m data show a drop in
intellizibility as the talker angle increased from
zero. while the longer distance data show an in-
crease. at least out to 36 . The loss from listening
with bads to the talker was not as great as mught
be expected. in one 2-test comparison it was 13.7
per cent bt otherwise it ranged from 0 to 7 per
cent.

3.2. Experiment I}

Fig. 3 shows the results of experiment 11, The
listerers 15 and 3G from the direction the talker
faced scored higher. on the average. than the listen-
ers directly ahead at 0. Further. the listeners scor-
ed highker on the average. when thev did not face
the talker directly but insteaéd faced away from him
by 30 and 60 . 90" listening wa-~ about equal te
0 lisiening. and 180
WOrse.

listening was substantialiy

9
[}

Prreerd wotel, (o eppet seeim

Tavgm gy e —e

Fig. 3. Results of experiment 1L The listening angic
results (A) are averaged over ali talker angels
and show the effect of rotating at a fixed listen-
ing location throngh 30°. 6C |, 90°. and 180°.
The talker angle resuli= are of two types: (1) 2
particuler 1aiker angle represented by 2 porti-
cular listencr chair or locaticn with iaiker im-
mobile and (2} talker aagle varied by rotaiien
of the talker between liaic facing a dificrem
Yidener location op ever, list and making a
specific taiker angle independent of z spede
ustenet Jovatisn i the room. In this ercond type
each listener remained in a marnticaiar chair

thronghout.
3.2, Experimeniz 111

Fiz. 4 shows a gain in intedfizibility at oblia=e
listening angles similar to bot less than the gaine
shown in the experiment H data Tig. 31, and. in
contrast. in this experiment the m-an wore a7 lis
teners directly in fron? of the talker 3 a< hizh ac
for any otber ansle. (The 07 and 30 mean wcores
are equivalent for thess =it scts of listas
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Fig. 4. Results of experiment III. The talker angle data
is for the following test conditions: the talker
faced alternately one end of the listening forma-
tion or the other for each group of five lists.
but was immobile within such a group of lists,
while the listeners (between lists) were exchang-
ing chairs. The whole listening arrangement was
shifted left 15° for 1/3 of the liste and righ:
15° for another 1/3 of the lists by using one
additional chair on each end of the regular five-
chair formation. The listening angile data was
obtained by rotating the listeners through 30°,
60°, 90°, and 180° fram list to list.

4. Discussion

In experiments IT and III (Figs. 3 and 4) where
listenizig angles were varied extensively, listening
angles of 30°, 60°, and 90° resulted in better aver-
age scores than 0°. The results on the effect of
talker angle in the three experiments showed a
number of cases of highest intelligibility direcily
ahezd of the talker as well as 2 number of cases
in which it was highest al some angle within the
range of 15” to 45° to the side. I the first two ex-
periments, out of six sets of five tests each (exclud-
ing the 3.6 m data with its poorer uniformity of
noise in the hstening area), four turned out in favor
of some oblique talker angle. In experiment I1I,
however, the result was that in threz of six sets of
tests, 0° talker angle resulted in a higher mean.

An “Anaiysis of Variance™ treatment of the first
series of tests in experiment 1 (the only set suls-
jected to such analysis) classified the differences
found on the listening-angle variable as “very signi-
ficant.” However, the effect of talker angle, which
in this set favored 15° and 30° quite substantially.
was found to be “non-significant” by this analysis.

The listening-angle effect in experiment Il was
somewhat less but cssentially the same.

4.J. Talker-angle effects

What generalizations can be made concerning the
effect of talker angle? Starting with the experiment I
daiz for the 0.9 i talker-listener distance (Fig.2)

ACUSTICA
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(which because of highest ratic of direct speech
component to indirect components may be the most
valid) the 0 talker angle yielded the highest in-
telligibility. This holds true regardless of whether
the listener was facing frontwards or backwards. In
the other experiment I data shown in Fig. 1, oblique
angles yielded highest intelligibility. In experiment 11
(Fig. 3) regardless of the experimental procedure,
small oblique angles yielded the highest intelligi-
bility. In experiment III (Fig.4) 0° talker angle
yielded the highest intelligibility again. Experiment
III should be heavily weighied in considsration be-
cause it represents six sets of five tests each and the
effects of angle of talker-faciug and orientation in
the room were fairly well neutralized by counter-
balancing. In this experiment 0° talker angle aver-
aged highest in intelligibility with the 30° intelli-
gibility essentially the same.

In almost every case considered in the three ex-
periments the result was different. sometimes favor-
ing one angle and sometimes ancther. Considering
the total 0.9 and 1.8 m data by sets {groups of five
tests), in four of the twelve sets intelligibility was
highest at 0°; in another three sets it was higbest
at 15°; in three sets it was highest at 45°; and in
two sets it was highest at 30°. On the basis of these
results it appears that intelligibility is best in front
of the talker but that intelligibility is essentially
equivalent over a broad arc in front of him.

As another chek on the eficet of talker angle the
results of all ten sets of 1.3 m data were averaged
and the means for talker angles of from 6° to 60°
were 73, 70, 77, 74, and 72 per cent. respectively.
On the average, there was a trend of higher intelfi-
gibiiity at slight angles off the speedh axis, amount-
ing to 2 per cent =t 30°. This is tempered, however,
by the fact that for the average of six of the ten
component sets (all of experiment 1i1), the 0°- and
30°-mean «cores were equivalent and in three of the
six sets of tests 0° talker angle vielded the highest
score. These experitaert 11 wcores are corrected for
over-all inteiligibility difference from chair o chair.
Before correction e intelligibility advantage of 0°
was prominent. Corrections reduced this by 2.5 per
cent.

4.2. Noisc direztion problem

The noise SPL varied no more thaa * 1 dB with-
in cach sealing arrangement, except in the case of
the two most counterclodkwise }istemng locations in
the 3.6 m data, The superior intelligibility at talker
uangles of 30° and 45° in the 3.6 > data can be at-
tributed 1o this factoz, The next question is whether
noise directinn characteristics were equivsient from
one listerer location io another. Subjectively to the
listener the neise source was the londspaaker closest
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to him. except that un the mid-line between the loud-
speakers the apparent source was a point midway
between them. A survey of the spatia} arrangements
(Fig. 1) reveals that, zside from the ohvious in-
equality of both noise ievel and direction character-
istics in the two 3.6 m locations mentioned above,
the other listener locations were essentially equiva-
lent in these respects. As regards noise direction
characteristics, for example, the apparent source of
noise for all five listeners was quite close to 180°
from the direction: of the talker. This similarity sup-
ports confidence in the validity of the talker angle
results, even though these talker angles were uot
wholly independent of specific locations in the room.

A final question necding attention is the possible
cffects of the noise direction characteristics on the
listening angle variable. According to the findinge
of Koct [3]. when speech and noise are sep.. *ed
by exactly 180 (re. the listener’s locatien), listen-
ing angles of 0” and 180° worsen by up to 12dB
the minimum detectable (binaural) threshold for
speech, as compared to listening angles such as 45°,
90°. and 135°.

It seems logical that the directivity effect upon
inielligibility weuld be very similar to the effect
upon threshold and it is quite possible that noise
direction characteristics related 1o listening angles
of 0° and 180° in ihis study handicapped intelli-
gibility in these cases. However. there is a possi-
bility that Koat’s findings should not be applied to
this study because he used an anedhoic room. while
the present study was conducted in a fairly reflective
reem. {The room volume of this veice-recording
studio is about 300 m® and the reverberation time
is about 9.5 s above, ard about 0.3 s below 1 kcfs.}

Using very similar methods to those of Kom,
Hirsu [4] found slightly less effect {9 dB} for the
same conditions, and, when a “highly reverberant™
room was used. the effect was almost completely de-
stroyed. In the reflective room the average differ-
ence in thresholds he found between “Frent-bad™
and “Back-froni” versus “Rightleft” (0° and 180°
versus 90%} was cnly 2 4B.

The room Hiasu used was probably much more
reverberant thar the one used in this study and
the effect in the present data would be more than in
the very mverberant room but less than in the
ansdhioic room. An agent that might have reduced
this artifact in the present study is the fact that the
noise was not exacdy 180° for all listening posi-
tions relative to the talker, thereby giving the lis-
tener some extra bhenchit from binaural localization
cucs (lateral separation of speech from noise). Both
Hirsu and Kocn rigidly controlled source angles,
but only at 90° intervals in the case of Hirs and
anly at 45° intervals in the case of Koz it 1s pos-
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sible that 5° or 10° offect of the apparent noise
source could have drastically veduced the effect.
adding to the neutralization caused by the reverber-
ation characteristics of the room.

The 2 dB effect Hirsu found remaining in the
reverberant case is enough to account for the rough-
ly 5 per cent {words currect) improvement at listen-
ing angles of 30 and 60" found in this experiment.
Therefore, whether the effect found here is due to
pure iistening angle (dependent only upon the angu-
lar relationship of talker and listener) or is an
artifact of the directional characteristic of the noise
cannot be answered.

5. Summary and conclusions

A talker read 70 lists of 50 monosyllabic words
each to five listeners in a room designed for the
recording of speech. The listening was done in a
noise badkground. The variables studied were talker
angle, listening angle, and their eflect upon speech
intelligibility. The angular relationship among tal-
ker, listeners, neise sources, and room were varied
extensively to isolate the effects of talker angle and
listening angle from mcst of the other factors.

The resuits support a view that talker angles (at
least) within the range between 0° and £43° do
not have any differential effect on intelligibility.
The result of varving listening angle away from 0°
to 30° and 60° was higher intelligibility. This re-
sult, however. is open to question in the light of the
findings of Hirsa and Kocn, which suggest that with
the configuration of speech source and noise source
used in the present experiments, binaural! discrimi-
nation factors substantiaily handicap intelligibility
at Jistening angles of 0° {and 186°), at icast as
compared to angles from 45° to 135°.

Only further experiments under free-field con-
ditions can give adequate appraisal of the effect of
(binaural) listening angle on intelligibility. If en-
vironmental noise is introduced to control the gener-
al level of intelligibility. it must be controlled in
such ways as t¢ neutralize unwanted binaural dis-
crimination cues. Or the experiments could be con-
ducted in open air so that the direction of noisc
incideace would have a quasi-random characteristic.

(Reccived Nov. 16th, 1962.)
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Summary

Two experiments were conducted to study the effects on speech intelligibility of talker
angle and listener angic and the distance hetween 1alker and listener under free-field con-
ditions. Seme findings were that (1) speech intelligibility falls off with distance in a manner
consistent with a 3 dB per distance doubled fall-off in speech sound pressure level; (2} the
intelligibility ir a broad arc from —45° 1o +45° in front of the talker was essentially
equal; (3) the effect of turning the listener 15° 10 75° away from the 1alk:r was a mean
gain of about 4% or s gain c.uivelent to about 3.5 m in distance; (4) the observed direc-
ticnal aspect of intelligibility agreed cuite well with SPL measurements made by other
investigatérs around the heads of a model and a human; and (5) the effects of
distance and wind in this study were in general agreement with: the results of previous
studies.

Zusammenfassung

Zwei Versudie wurden durchgeftihet. um den Einflul des Sprecherwinkels. des Horer-
winkels und des Abstandes zwischen Spredier und Horer auf die Sprachverstandlichkeit im
freien Schallfeld zu untersuchen. Unter anderem wurden folgende Beobhachtungen zemadit:
{1} Die Spradiverstandlichkeit fallt mit der Entfernung in einer Weise, die mit ¢iner Ver-
ringerung des Schalldrudipegels um jeweils 3 dB bei Verdoppelung des Abstandes erklin
werden kann; (2} die Verstindlidikeit war fiber zinen breitex: Bercich von etwa —45° bis
+45°% vor dem Spredier im wesentlickea konstant: (3) Drchung d=s Horers um 15° bis
75° vom Sprecher fort brachis cine Verbesserung der Verstandlichkeit um etwa 4%, was
ciner Verringerung der Enmtfernung um eiwa 3.3 m entspridht; {4) die beobadii=te Rich-
tungsabh3ngigknit der Verstindlidikeit stimmt gut fiberein mit Schalldrudpegeimessungen
anderer Autoren an Modellen und Peisonen; (3) der Einflef von Eatfernung und Wiad
war bei dizser Untersudiung weitgehend der gleidie wie in {roheren Untersudungen.

Sommaire

On a fai: deux expériences pour ciudier les effets sur I'inielligihilite de 1a parole. de
T'angle d'¢coute, de Tangle de patole. et de la distance entre acditeur ¢t sspeakers dans
les conditions de champ libre. Quelquec resultats ont montre gee:

1) Tintclligibilitz diminue avec la distance, ce qui s¢ traduit qualitathwement par an
aifaibiissement de 3 dB du nivean so191c moyen par distance donblie

3) Vintelligibilité reszc la méme pour on angle douvestore allant de —43° & +35° de pant
et d'aatre du «spezker=.

3} lersque Von icurne Tauditenr de 15° 3 75° du «speakers, le gain moyen est denviron
4%. c¢ qui correspend 3 un gain en distance de 3.5 m.

4) Tefiez directicnnel] de Jintelligibiliteé de ia parole gue rous avons observé est parfzite-
ment ea accord avec les mesures SPL faites par d autres dhercheurs cpérant avece Iz 1oz
d’un manneguin ¢ d'ua hemme.

3) tes effets de distance et de veat dans cetie étcde sont en géacrzl en reoord avee les
résultats des ciodes preccdentes.
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1. Introduction

Cuarvrova and Stavik [1] recently studied in-
telligibility as a function of the angular relationship
between the talker and’listeners in a rectangular
formation of rws and columns in an open field.
Their most interestig finding was that the intelli-
gibility on the speech axis was lower than it was 10°
to 45° off the axis. Their experimental design did
not allow them to determine whether this was caused
by directional characteristics of the voice or the
directional characteristics of the external ear. Other
studies [2]. [3] have not shown a lowering of
intelligibility on the sprech axis. but perhaps this
was because they were not as intensive in angular
coverage. nurtber of listeners, and-number of re-
plications.

In order to diek the Giarupuva and Sravix re-
sults two experiments were conducted on an open
field at the U.S. Naval Training Center in San
Diego. In both experiments Navy recruits were the
listeners. and the parade grounds. Preble Field. was
the opea field. Preble Field is 305 m long by 137m
wide and is surfaced «ith asphalt paving.

To study the dependence upon the listener’s loca-
tion relative to the talker's mouth. in experiment 1
the talker rotated through a series of angles relative
to the listencrs. To study the dependence upon the
direction the listener was facing relative to the tal-
ker’s location. the listeners in both experiments were
divided so that al any time haif of them faced the
talker and the others faced away from him by small
angles.

2. Precedure

2.1 General

The iatelligibility tests used were the Fazsaxws
Rhyme Tests {$]. These are lists of 50 monosyl-
Iabic words (cozsonant-vowel-consonant) sudh as
“1. cop. 2. wire, ----, 50. tea”. There arc five
basic tests using words thac not only thyme from tes
to test, but are spelled the same except for the initial
consonant. For instance. a second fest might be
“1. pop. 2. sire, ---- 50. den™. or “1. top, 2. wire,
----. 530. pen”. eic. The answer sheets show the
vowel and final consonan? of each word (thus,
“1. —op, 2. ~ire,----.30. —en"}.

Listeners were instructed 0 £il in the initial con-
sonant of each word as it was read, even if they had
to guess. In each experiment a different thyme word
order was used for every et conducted. Fourteen
50-word lits were wied in cath experiment. The
listeners were thoroughly instracted in the testing
procedare and were given 2 practice est.
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The talker for these experiments was the first
author. who has a resonant. moderately pitched
voice. is somewhat avove average in articulation.
and is very experienced as a talker for intelligibility
tests, The talker monitored his specech level on a
small sound-level meier mounted 0.5 m in front of
him at chest height. He spoke with raised voice.
maintaining an average 835 dB sound pressure level
(SPL) on voice peaks. This corresponds to an rms
SPL of 75dB at 1 m. The word “write” was read
just ahead of each test word. both to act as a “car-
rier” for the test word and to be used as a calibra-
tion word for level monitoring. One test word was
read every 2s to the beat of an elecivonic interval
timer. When extraneous noises were of such a naturce
as to interfere with speech reception, the tfalker
stopped until ke considered the noise level within
acceptable limits again. The noises thut caused oc-
castonal temporary stoppages were from aircraft
flving in the vicinity. A micephone wormn around
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Fig 1. Talker-listener locations a2ad facings fer ex-
periments I and I In experiment 1, 32 Listeners
sat at intersections of arcs A threazh F and
7 radials spaced at 15° iniemals. I experiment
IT Baeners ako 3t on arc G. In experiment 1,
the talker (T} faced the center {0°) radial on
tests 1, 2, 12, and 14, the —15° radial on tesis
3 and 4. the —30° radizi ca tests S arnd 6, the
~335° radia! on tests 7 and 8, —90° oa tests
9 znd 10. and 180° on tests 11 and 12, In ex-
periment 1 the talker alwavs faced the 0°
radizl. In both Tments Hstewers in arcs B,
D, and Ffaced the +45° radial on ail odd-
numbered tests, while Listeners in ares A, O
and E (and G ia II) faced the talker Jocation.
The liceners reversed their direction of facog
on cven-numbrred tests, e, those who had
faced the +45° radizi faced the talker. 2nd
those who had faced the talker faced the +45°
radial. Noie that on the —45° radial, facer
the 1alker was equivalent to facing the +35°
radizl In both experiments the wind dinection
varisd between west and west-northwesi: in -
pariment 1 wind wedotity varied beatween 27 12
33kmik and in experiment Il wind vedocity
varsed between 0 and 9 kamjh

-van

Boor

—

[T




' o . | oot
NPT m-,mmmmmwmm@?@ -

ACUSTICA

45 P.O. THOMPSON and J. C. WEBSTER: FFFECT OF ANGLE ON WORD INTELLIGIBILITY 1oy 14 (1000

the neck by the talker was used to record the test
sessions for later review of speech and noise levels.

As illustrated in Fig. 1. the listeners sat in con-
centric arcs 2.3 m apart, starting 4.5m from the
talker. Listeners sat behind one anoiher on 7 radials
spaced every 15° from —45° to +43° relative 1o

the talker. The fact that better scores were obtained
on experiment {1 than on I could be due to sampling
error but more probably the different scores ure
due to differences in wind velocity or experimental
design.

the talker’s standard directior of facing. By sitting _%)0’
on the ground each listener had an unosstn.c&cd?"ﬂ- -3 |
pathway between his ears and the talker’s mouth. % | »
By sitting cross-legged it was easy to mointain a25 2
rigid and accurate listening angle. 39 -0
In both experiments listening angle was varied Egof :..: 20 &
such that listening angles of either 6°; or 0°, 15°,__ . - £
36°, 45°, 69°, 75°, and 90° resulted for the seu:ngﬁu -ﬁg
radials from left te sigki. respoctively. =40 <3

The talker’s angie. the angle the talker faced with
respect to the listener position. was varied in ex-
periment I but was constant in experiment IL

2.2 Experiment 1

In experiment l. foriy-two listeners were used.
Fach listener remained in the same location
throughout all tesis aithough, as illustrated in
Fig. 1. eash rolated sysiematizally betwees two dif-
ierent faangs.

The tailer angle was varied as detadled in Fig 1.

Expeiiment | was condacted in the afternoon and
the prevailing Westesly xind interfered sabstantial-
iv with the in2ellizibifity of the speech.

2.3 Experiment 1]

In eapeniment i1, 2 second zroup of 19 recrsits
was seated In 7 arcs and 7 radials. These 19 Hsten-
ers weve selected from the 60-0dd rezalar members
of the available recroit company on the basis of the
practice test scores. Ia order ta vedoce the effect of
Iisteners on iocatioz. cach Iistener was shifted dia-
zonally badk ore arc and over one radial afier each
pair of tests. In this manner cach Estener was in
each 2rc and In eadch radial for one pair of sests
The alternation in the listening angles between the
odd and £ven tests in eadh pair of tests was executed
jnst as in the first experiment, and the cther testing
de2ails were the same.

The experiment Il session was held in the mema-
ing befors the prevailing «inds could interfere and
the wind velocity was only 0 %o 9 kmjh.

In experiment 11 the talker always faced the con-
ter of the group. the 0° radial.

3. Results
3.1 Intelligidility «s distaace

in Fig. 2 arc plotted the results of experiments |
and I in terms of wornds correct vs distance from

Fig.2. On the left, per cent of Rhyme words correct
vs distance from talker. Each of the experimen-
tai points {solid cizeles and squares) represents
an average scove for 7 listeners and 14 tests of
50 word:s each. All nalkerangle and listener
facing-angle data are combized. Also showm
2re intellimbility d2iz s distance from thres
other stndies The open symbolc 2nd detied
Imnes reprezes: intelligidbility scoves rredicaied
mzoe'Bé::?:nmd:oraé&.
doublad The ianzles Tezmesesy 2 6EB pes-
da2zncr doabled drop In mieiliztaine.

Oa the 5ight is per cent words corredt 3= spesc
o-ooite diferentzzl I 4B for Riumoe 204 PB
words. This & the datz oeed for the 3 2ad 648
per-Gtance-dozbled datx ploted om the Jef
Conterning the wind: In experimental 1 the gusts
of wind averazed 27 kmih and pealed at 35k’

Ia experiment Il the wind velocity sared from ©

2> 9km/h Haszs and Coowozim {31 foxnd thar

when 2 fistener faced 3 33 kemjh wind. his thresholds
forminﬁ:cfr:qnm:;anngcoigmiz!u-
shifted by 40 io 45d8. By tuming oway 45° and

%Oﬁksﬁf!mtdumiﬂcfvﬂandhdﬂ,:e-

spectively. For a wirnd of 185 kmjh they fornd that

the threshold <hift was only abont kalf 25 great

Since the winds came in gusts, the resuits of expen-

ment | are not as different from 1l ac the Barss

and Ccoowesra data [5] might suggest, bt for
oservers on the spot xt the time there xas no ques
tion but that the excessivt winds during expesi-
ment { reduced word intelligibility scoves.

in the data reported by Xstosex {2]. a wind of

33 to 41 kmjh reduced the distance for 75% intel-

ligibility from 43 m to 26 m. In the present cxperi

meats the 75% coverage nas redeced from 25m
to about 153 m, a redxction of the same proportion.

‘This would suggest that wind interference was the

near-exclusive cause of the geaeral intelligibility dif-

ference between cxperiments T and 1.

The effect that the experimeental dxign might
have had on depressing the scores in experiment §
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versus H will be discussed in the section of effects
of talker angle.

Plotted as solid fines {(or extrapolated dashed
lines) in Fig. 2 ure the resuits of other speedh intel-
ligibility fests in open spaces reported by Ciarcrova
and Seavik [1]. Ksvesex [2], and Liesunrz [3]. Ex-
cept for experiment I, the windy one, the rate at
which intelligibility falls off with distance is fairly
consistent. By utilizing the informatica plotted on
the right of Fig. 2. it is possible to dheck vhether
the rate of decrease in inteliigibility with distance
feliows a decrease in sound pressure level of 6 dB
or 3dB per distance doubled. The Moxtacre {6]
data concerns the relaticn between word intelligibi-
lity and speech-to-noise ratio for Rhyme words
{used in experiments I and 1) and for PB words
{extensively used in other tests of this tvpe). The
open symbols on the left of Fig. 2 were derived from
the data on the right of Fig. 2 to show that decrease
in word score per distaxce doubled is very exactlr
predicted by successive decrzases in speech iecel of
3dB. The triangles on the left show that the word
scores with distance dovbled do ot fzli off a= fast
as would be predicted by suoocessive drorezses In
speech bened of 64B.

This koplies that the phasical Incs of crlindsical
wanes In opta space zre beinz followed and that the
Phvsical lzvs of spherical waves arenot

These rew=its bear on ene of the 2ssmmpiions in-
hetent in Bezawms's formmubitica of Speedh Inter-
ferenoe Levds [71. (8], Toe 20 ption 3s St io
oise feved mm? Searcase 6 68 per Estance dochies
for distanoes wp o $m The reults 6] the present
experiments ixeply that ievend 45 m. et in open
=, the acceptadie nolee deved meed Socrease only
3 dB. not 6 dB. per cistanee doubled. This statement
assumes of counse that speedh keved i always realiy
a sprech-to-noise differential 2nd that a decreasiag
speech: Jere] is exacly eguivalent in éB o an @
ceasing noiss bevel.

32 Iniciigibility vs selber eagic

In experiment 1 the 223 ox angie of fictemer
facing ase ssbject o large interactions involving
xind dircction. Those Esieners who iaced most
pearty inio the wind when they faced the alter
showed larger eficxts das 16 differences in Hslener
facing tisan those Hsteners who were nat fzaag into
the wind whm they faced the talier. Experiment 1
was 7ol designed to take 2ctount of the xind and
the listener angle data havs 2 wind bias that cannet
be isolated.

{r:formalion on talker anzle, however, ir not o
dependent on the wind becanse the talker rolated

through many angles and. as he did. the relative
position between him and the listeners was some-
what balanced with respect to wind direction. That
is. as the talker faced the center of the group, these
listeners slightly to his right faced the wind. but 1s
the lker rotated to 90° these slightly to his right
were at right angles to the wind. Therefore the re-
maining discussion ef experiment I wil! be limiied
to the results on talker angle.

Fig. 3 shows a polar plot of wor:i intellizibility as
a function of talker angle; that is. the word intelli-
gibility as a function of wheie the listcner sat with
respect to the direction the talker faced. The direc-
tion the listener faced with respect to the talker is
not considered.

Fiz 3. Eczal imaddfigiafy ososacss = arpde froem 28
kez for omped Excuer-facing auples. Comdemts
are Getioed fremm 2 Brezkdowm of the fafher
amele infcorneiien freee the expesimemt I Jdate
ta Fir 2. Toe zombers em e periphony 27¢
Toean weres carrent for cadh talker ample

The nombers in parentheses ¢ the plot skor the
zveraze percentaze of words cormectly beard by ail
Belemers xhe sa? on radizls that were 2t oo Bz o7
another from —33° to +235% with respect 1o the
talher’s mouth. These data show that liteners baand
distinctly better wea in front a5 comparsd o be-
=3 The loor walne of 77 2t —35° is boed o
onlir onethird the number of BEsteners as the vatoe
at =435%; similarly. the data at —30° represents
onlr three-bfths the number of cases as a1t +39°.
Thersfore a trucr picture of the —43° 1o 0° resalis
wouid probably be the mirror fmare of the 0° 2
+45° resalts, sizoe the positive amgle Tesolts are
based on the resalts of many more Bstcners.

The data are presentsd as conlours of ogeal in-
elHeibifity so that the results can be more easily
compared to the Canixroen and Suavx {15 reszits
To draw egaal inteliipibility ocntonrs, ali the data
a2 exch taller angle were frxt plotted 25 a function
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of distance (arc). Curves were then visually fitted
to these data points. The intersections of thesr cur-
ves with discrete intelligibility levels of. say. 93, 90,
85. 80%. were then rcad off and plotted in Fig. 3.

The zqual intelligibility data, just as the average
of zll the data, show that listeners in front of the
talker got decidedly higher scores than listeners be-
hind the talker. Scores from —45° to +45° are
roughly equal and only slightly greater than those
out tc angles of 75°.

3 3 Intelligibility vs listener facing angle

Experiment Il was designed to get reliable in-
formation on angle of listener facing. A iime was
chosen when the wind velority was low. the talker
always faced the center of the listening group, and
after each series of two tests the listeners moved
diagonally back one arc and counterclockwise ore
radial,

Equal intelligibility contours from the results of
experiment II are plotied in Fig. 4. The two lines at
each conteur represent those who ziways faced the
talker (the lower boundary of the shaded area) and
those who faced away from the taiker by the angle
shown on the iop are. These were the same listeners,
bat kalf the time they faced the talker and kaif the
time they faced normal to the most dodiwise radiai.
Wihen the Bsteners faced away from the talker. their
sores consisiently averazed higher. or. as ploled
in Fig. 1. they go? the same average score 2t greater
distances from the takker.

The mean intelligihality scorss for the hsteners.
when thear fHslening angles were varied. averazed 87,
20.91_93. 92. 92. and 915 for the angles from 9°

Lo of exod orelginily

Fiz 3. Equrl imiedliphifity ocelomrs derived from the
data of experimeny 1L The tafker alwazs faced
the omier of the growp so information oo atker
angle s read szmmoelsicelly aroond the omter
radial, freen 0° throagh £I5T, £30°, and
£35°. The Ktemer $acaz angde was oiker 0°
{(domam Exs ol haded area) or the axple
desigzaied o the radials seadimg odkwice
frcen 0° 30 90°.
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to 90°, respectively, in 13 increments. This
amounts to an advantage for the 30°. 607, and 90”
angles of 4, 5. and 47%. respectively. This compares
with an advantage of 13. 14, and 12%. respectively,
for the same angles in an investigaticn by Nororuxp
and Frirzern [9], who worked in the 707% intelligi-
bility region with speech picked up binaurally via a
dummy hesd.

The results agree qualitatively with these of Ro-
BinsoN and Wirrrie [10] in their experiments on
the effects of angle of reception upon the aural ef-
fectiveness of pure tones. In their binaural loudness
tests they observed gains cover 2 similar angular
range =t 2500 and 4000 ¢/s. Their measurements of
SPL at the canal entiance of the ear also show an
average gair at these augles, as compared to the
case when the source was dead ahead. Their
measurements clusely correspond to the measure-
ments of Wiexez 2nd Ress [11]. whose mean 45°
and 90° SPL sezdings at the entrazce to the ear
canal averaged 4 or 5dB better than the 9° SPL
readings over the frequency range from 3G9 o
6000 c/s.

4. Comparison to other data

Toe data of experiment I and the data on 0°
angle sf BEstener facing of experiment 11 have b
combined o oblain three sets of equalintellizib’ .y
conlours, plotted in Fiz. 5. These contours represent
generalized data ca talker angle. Also. on the right
of Fiz. 5 are the polar plot displars of selected con-
tours frcm Caatgrova and Stanix {1]. 2nd Lirsansz
{3]. and an extrapolated contour bised on the data
repoited by Kxvosex [21. On the jeft of Fig. S are
some SPL data of Dixx and Faxxswosrs {12] and
of Fraxzeax {13]. These €ata show the directicnal
patteras of sound frem 2 source like a month.

Concemning the inielligibifity contours showm on
the right. it is evident that the present daiz are far
more squat in shape than any of the others. As com-
pared 1o the other contour shapes. the present data
are relatively flat o top (from 0° 10 +45°).

As regaids the depression directly in frent of the
talker. which was obserred in the Caawrrova and
Swavix Gata. this was possibly used by inter-
ferenice efiects of the bodies of liteners between the
tatker and other fideners and by the ddizht dis
advantare that exists for Bstrners who face the tal-
Xer directly as compared to these who faoe 2t small
angies zway from the talker. Ia the rectangalar for-
mation veed In their experiment the degree that
Exeners were in the shadow of other Esteners was
dependent both ea the pariclar angle from the
tafker and the distanoe from the tafker. This would
causs angelar ané distance cfects en the ransmis-
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sion of the highly directional high frequency com-
ponents of the speech. This in turn could have
systematically affected the reception of censonants
in such a way as to account for a jarge share of the
detail in their equal intelligibility contours.

It is quite evident that the four studies do not
agree in the magnitude of the percentage of cor-
rectly heard words vs distance. Since the present
interest is in contour shape. this need not be of teo
great concern. Talker level. wind velocity. tem-
perature gradients, differences in vocabulary, and
even differences in motivation could acount for these
discrepancies.

On the left it is interesting 10 note that the present
data agree verr well with the SPL of speech
measured in the 62 20 12,000¢/s band by Dusx
and Faexswortn [12]. The Fraxacax {13} and the
2 1o 2.8kc/s data of Duxx and Farxsworta lie

2% [
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about haif-way between the shapes of ihe present
data, and Lirsurrz, and Ciarcrova and Staviv data
which have steeper sides from about £ 43° 1o
*90°.

The Fraxacax curve in Fig 5 is based on his
SPL measurements of a 2 kc/s tone projected
through the mouth of a model [13]. while the
Duxx and Farxswortu curves {12] are based on
speech SPL measurements on a live talker. In both
cases the measurements were made about 30 cm
from the source. To make up these curves for Fig. 3,
relative SPL measurements from the plotted data
of the references cited were converted to reiative
distance on the basis that, as distance is doubled.
SPL i5 reduced by 6dB. since both studies showed
that at distances close to the source this is the rate
at which sound pressure falls off with distance.

(Reccived Apeil 18 19633

- Craigmee ord Sk

i Fig. 5.
! Equal intelligibility contours of combmed data

[3! from experimesnts I and I 2nd froem references
soand
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